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An investigation of the chemical effects of 1-Mev electrons on BrFj at 
25* C has been carried out. Pressure measurements tahen during the irradi­
ation suggested the presence of Br* and BrFj as decomposition products and a 
fractional distillation of the irradiated liquid confirmed their presence. The 
extent of decomposition was determined both by fractional distillation and 
spectrophotometric methods. The radiation effect seemed to reach saturation 
when approximately IO per cent of the BrFj was destroyed. The exposure 
Mcessary for the decomposition products to roach a c one ent r action of half 
the saturated value was calculated to be 2. 7 microampere boura/cc: BrFp 
while the **G** value was found to be 1.5. J A. qualitative comparison of irradi- 

.!Ior. dosages from the Statiiron with that expected from apeat fuels revealed 
that little decomposition of BrFt reqgeg^, Is to be expected from i-day cooled 
Hanford fuel (in pile for 1OO days ) wKIle in the case of 1-day cooled MT A 
type fuel (in pile for 12 days) a saturated effect might be realised in 1-1 
hours. Since at moat only 10% of the BrFj is destroyed it is concluded that 
BrF_. from a radiation rseiatance standpoint. is a suitable reagent for the 

er 
processing of abort cooled fuels.

Thia report is based upon studies conducted for the Atomic Energy 
Commission under Contract AT- 11-1-GKN-d. 
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Some under standing of th* effect of radiation on the chemical reagents 

used in the process la mandatory since reactions may be either inhibited or 

vastly accelerated by radiation fields. To supplement the considerable effort 

which has been directed toward the Brfj fluoride volatility process, a study 

of the radiation chemistry of BrF. was undertaken. ~  i -w

Since the first reactors went into operation, one of the major problems 

has been the separation and recovery of fissionable materials from pa vitally 

spent fuel. One of the recent approaches to fuel recovery is the bromine tri- 
1 v.

fluoride volatility proceaa.

MAA &atitron (Vaa de Craaf CeneratoVI 

machine io rapable of delivering up to JO microamperes/cm 
trona (corresponding to an electron beam of about 5. OOO curies/cm*).

* -inter be shown that this radiation intensity exceeds that produced by most abort 

cooled fuels (1-day decay time) from present day reactors. Thus, information 

from thia study can be applied in evaluating the use of BrF} on short cooled 

Hanford and MTR type fuel. 

Since combination between BrF or Br, and F, to form BrF. is known 
2 3 • *■ 3

to be rapid. it was believed at first that radiation effects would be small and 

would be detectable during the irradiation only. For this reason, pressure 

measurements taken during the irradiation with 1-Mev electrons constituted the 
first experiments. Pressure rises were observed in all cases. Since the final 

pressure was greater than the original pressure, it was concluded that stable 

decomposition products, which do not react at room temperature to generate 

BrFj. were produced. In particular. Brf and BrF^ were likely products since 

recombination of those compounds to form BrFj at room temperature is negli­
gible. A fractional distillation of the irradiated liquid resulted in the isolation 

of two low boiling fractions. One was a dark red liquid boiling at 34* C. and 

the other a colorless liquid boiling at 42’ C. These same fractions were ob­
served when a dilute solution of Br2 in BrF^ was distilled. The analytical re­
sults on F/Br ratios also pointed to the fact that Br^ and BrF5 are the pre­

dominant products formed during the irradiation of BrFby energetic electrons.

!
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Quantitative determinations of the extent of BrF 3 decomposition, both 

by chemical analysis of the products and by a spectrophotometric determination 

of the Br^ in the irradiated liquid indicated that the radiation effect with I-May 

electrons reached saturation when approximately 10% of the BrF, had been de­

stroyed. Thus, it appears that BrFj, from a radiation resistance standpoint, 
is a suitable reagent for the processing of short cooled fuels.

ee ooe e• • a •• e • • •
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One-Me v electrons were generated by the NAA Statitron (Yan de Graaf 

Generator). Beam intensities ranged from 5 to 25 microamperes. The total 

dosage was recorded by an electronic integrating circuit while the voltage was 

measured by a generating voltmeter. The Statitron power calculated from the 
voltmeter and ammeter readings deviated only about 1O% from the power ob­

tained by a calorimeter determination. (For details of the power calibration, 
see Appendix A. )

Two different irradiation cells were used in the experiments discussed 

in this report. The first one was used mainly for the preliminary runs in which 

pressure determinations were the essential point of the experiment while the 
other cell was used in irradiations in which the decomposition products were 

identified and the extent of radiation damage determined.

The first cell shown in Fig. 1 consisted mainly of a hollow 2S aluminum 

cylinder which contained the 7 cc of liquid BrFA 1- to 2-mil aluminum 

window sandwiched between two thin Teflon gaskets and placed over the hollow 

cell was thin enough to prevent excessive attenuation of the beam and yet was 

strong enough to prevent accidental contact between BrF} and the Statitron. 
(For briber details concerning the aluminum windows, see Appendix B. ) A 

thermocouple well also constructed of 2S aluminum penetrated the wall of the 

cell into the BrFj. Mechanical stirring was effected by a magnetic stirrer end 

a nickel agitator. The heat exchanger consisted of an aluminum Jacket welded 

to the floor of the reaction vessel. Gaseous nitrogen cooled by a bath of liquid 

nitrogen was selected as a coolant in place of water for safety reasons.
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A con.Unt temperature (25* C) during the irradiation was accomplished 
with the use of 2 solenoid valves and a Bristol Electronic Free Vane Controller. 
Model #E-4d6. which was actuated by an iron-constantan thermocouple.

The pressure of the system was measured with a Booth Cromer gauge
which consists of an electronic pressure transmitter and aelf-halancing relay.

The second irradiation cell, shown in Fig. 2. was essentially a psi- of 
thermostatted cells, one of which was exposed to the electron beam while the 
ot>*er •• * blank. Each of these cells contained 5 cc BrFA chromel­
alumel thermocouple inserted through the Teflon gasket directly into the BrF^ 

permitted more accurate temperature control. Fluorothene windows 
permitted a visual inspection of the cell contents before and after irradiations.

Pi st illation Co lupin

For experiments in which the decomposition products were separated by 
distillation, a Vigreaux distillation column, shown in Fig. 4, was used. This 
consisted of a Vycor column with several thermocouple wells. The lower Pyrex 
condenser jacket was electrically heated to the same temperature as that of the 
refluxing liquid to achieve an adiabatic state. The upper Pyrex jacket permitted 
the passage of cold air for refluxing and could be heated to distill the fraction 
into a Vycor collection tube. For reasons of safety, the Pyrex jackets were 
held in place with Teflon discs rather than cork or rubber.

The visible absorption spectrum of the irradiated solution was obtained 
with a Beckman Model D. U. spectrophotometer. In order to accomplish this, 
4t wa> necessary to have a cell which was resistant to the action of BrF}. Such 
a cell» shown in Fig. 5, is a Teflon block containing four compartments. Two 
plates of 1/16-inch thick Fluorothene, clamped tightly against the Teflon by 

meane ot aluminum plates, served as the windows. The path length of the 
m*tcrial in the cell was 1 centimeter. Teflon plugs prevented the escape of 
corrosive vapors. Thus, the BrFj came in contact with Teflon and Fluorothene 
only, f From a safety viewpoint C7Fl6> a colorless liquid, was used as a re­
ference solution in place of water.

♦The chromel-alumel thermcouple showed no signs of corrosion after being 
immersed in the liquid BrF^ for 2 weeks at room temperature.

fThe optical densities of Br.-BrF. solutions in this cell remained unchanged 
for more than 3 days. J
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Th. c.U wa. pr.fluoriaafd with C1F, at 1OO’ C. Th. BrF wa. taro- 
duced Utio th. .rtcMUd c.U and th. gaM« r.mov.d by iat.rmittant pumpinK 
until th. vapor pr.a.ur. of th* liquid wa. that of BrF} at 25* C (10 mm Hgj 
•nd until th* pr.a.ur. ria. wa. lass llun 1 mm/hr. Th. c.U wa. then attached 
to th* Statitroa and irradiated during which tim. pr.a.ur. measurement. war. 
Uk«. For tho.. .ap.rim.nt. la which analytical data worn obtained. Mima of 
th. irradiated liquid wa. traa.f.rr.d by moaas of a Fl«oroth.n. pipette into th. 
•P«c'rophotom.t.r c.U for Brf aaaly.i. whil. th. remaining liquid wa. traa.- 
ferred into th. Vigr.aux dirtillation columa for fractional distillation. Th. 
fraction, war. troatod with anhydrous sodium carbonat. in a Fluorothm. bag 
and aaalyaod for total bromiaa. (For drUil. of this pro <*dur e .re Append. 
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A«—p« Irradiation on Pressure

In all irradiations pressure increases were observed. The effect of beam 

intensity on pressure rise is seen in Fig. 6. The circles denote the pressure 

measured during the irradiation while the crosses indicate pressure measured 

in the absence of the electron beam. As was expected, the rate of pressure 

rise increases with higher beam intensities. The curves also show that the rate 

of pressure rise continues to decrease with time. This suggested the possibil­

ity that a steady state was being approached. Inorderto examine this possibility. 
BrFj was irradiated for 6-1/2 hours with a 15-mic roampere beam ( 1OO mic roampere 

hours. ) The pressure curve shown in Fig. 7 suggests more strongly that a steady 

state was buing approached. Immediately after the removal of the beam, thepres- 

sure d ropped from the maximum of 220 mm Hg to reach a constant value of 1 76 mm Hg.

Ex  Pi sense km of Results

"The pressure data described above were i 
the predominant over-all decomposition reaction, 

reactions come to mind:

Since Br2 and F 

densable BrF., ** 3

2BrF3

BrF3

2BrFj

5BrFj

• • •
• e •

Br2 * iF2 

BrF ♦ F2 

BrF ♦ BrF5

♦ 3BrF5

2 are known to recombinv rapidly to regenerate the cot-

“ —— j, and since the pressure shown in Fig. 6 remains high (176
mm Hg) after the irradiation. E^. 1 appears to be ruled out as the over-all re­
action. Although not much is known of the chemistry of BrF. one would expect 

the reaction between BrF and to be rapid. Thu. we shall not consider re­

ar tions ( 1 ) and (2). Additional evidence to substantiate this decteio— was the 

result of the following experiment: After the irradiation in which the 

had risen to about SO mm Hg. the cell was cooled from 20* to 0*C. The pressure
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Unfortunately, the pressure data alone are not sufficient to permit even 

an estimate of the extent of destruction of BrF j, for little is known of the vapor 
pressure of the BrFJ( Br^, BrFternary system. Further, any corrosion of 
the cell by BrF^ leading to the production of the "permanent gases'* such as 

oxygen, results in a considerable error. For these reasons emphasis was then 

placed on more direct methods of both identification of the decomposition pro­
ducts and quantitative determinations of the extent of irradiation damage.

dropped from 80 mm to approximately 30 mm Hg.» If the atmosphere of the 
cell had been mainly "non-condensable’’ gases, as would be the case for re­
actions (1), (2) and possibly (3), the decrease in pressure would have been far 
less. Thus, only reactions (3) and (4) remain as possibilities of the over-all 
decomposition reaction. Since BrF, if formed, io likely to disproportionate 
into Br^ and a higher fluoride, 2 reaction (4) would appear to be the most likely 

one. Additional evidence for (4) is the fact that when the gases wore pumped 
from the system, bromine was visible in the cold trap, although it is conceiv­
able that BrF might have been decomposed enroute to the trap to form bromine. 
The presence of Br^ and BrF^ would be compatible with the fact that the rate of 
reaction between these compounds to form BrFj is negligible at room tempera­
ture.

♦ Since the decomposition products of BrFj seem to be volatile liquids, an ex­
planation of the shape of the curves after the beam was shut off (Fig. 6) is 
suggested. The rapid pressure drop is due to a great extent to the following 
reasons: During the irradiation it is necessary to keep the bulk metal of the 
cell relatively cold in order to maintain the temperature of the BrF} at 25“ C. 
As soon as the beam is turned off, the temperature of the liquid drops to that 
of the cell. It has already been shown that the vapor pressure of the irradiated 
liquid is very temperature dependent.

However, the final pressure (176 mm) was lower than that just before the 
beam was turned off (220 mm). This suggests that a thermal recombination of 
some of the decomposition products to regenerate BrF is occurring. This 
might be a back reaction of the side reactions (IX (2), Jor (3). Another ex­
planation, however, is the following:* essentially all of the power of the elec­
tron beam (15 watts in this case) is dissipated into a layer of BrF- less than 2 
millimeters deep over an area a little over 1 err2. Despite the vigorous agita­
tion of the liquid due to stirring, the top layer may be several degrees warmer 
than the bulk liquid in which the thermocouple well is immersed. Thus, when 
the beam is turned off, the pressure drops to that corresponding to the equi­
librium temperature.

• • • e • •••• see • • • •• • • • • • •• •• e • ee ee e •
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A. Lx»W Bo I; i r g ? rar lions Formed by *««IUtioc

Im the preceding Mctioa ivtiiaci b»B»i on pressure nw*(«ranwac« vaa 
described pointing to tbe possibility that tbs decomposition products. CortM* 

■uring tbs irradiation of BrFj worn mainly Br* and BrFj. B was desirable to 
UMttfy these products tat a more direct meaner. A visual inspection of tbs 

cell contents after two irradiations revealed swteaoive color changes. In tbs 

case of a H mkroanyar. boar (20.microampere beam) irradiation. tbe color 
of tbe Liquid changed from tbe usual canary yellow to a deep transparent rod. 
Tbe color of tbe liquid after a 105-microampere hour (19-microampere beam) 

irradiation was also deep red. However, la this case tbe liquid appeared prac - 
tlcally opaque. Thue it appeared that radiation damage woo extensive enough 

to permit isolation of tbe products by a fraettnaa) distillation. If Br* and BrF 
were tbe final products, tbs first traction to distill over should bo BrFj. a 
colorless liquid boiling at <2* C. 6 followed by Br*. a darb rod liquid boiling at 

*** C. Tbe final fraction should then be tbe yellow BrFj boiling at 12b’ C.* 

Actually tbs first fraction soon wee a darb red liquid wbicb wet tbe glass and 

condonaed at 94 * C. Tbla wee followed by a water-white liquid boiling at 42* C 
wbicb aloe wot tbe glass. Finally, a yellow liquid which boiled at 127* C and 

wbicb did wot wet tbe glaoo wao observed.

There was little doubt that tbe colorless liquid boiling at 42* C wao BrFj 
and tbat the yellow liquid boiling at 127* C wao BrFj. However, tbs boiling 
point of the darb rod liquid (94* C) was not the name ao that of bromine (99* C) 

or any known bromine-fluorine compound. To toot the possibility that tbe liquid 

was an aaootropo. boiling points of synthetic binary mixtures of the Br*-BrFj- 

■rfj system as well as meh component were determined in tbe same manner 

a> those of tbe irradiated liquid. Tbe fractions observed are shown in Table I.

The crosses in tbe tabla denote that a fraction with the properties indicated 

in tbe heading was observed in tbe corresponding mixtures. Two fractions were 

observed with boiling pointe different from those of Br* (99* Cl BrFj (42* C> 
and BrFj (124 • Cl One of these found when a mixture of Br* and BrFj wao 

distilled, wao a dark rod liquid which did not wot the Vycor surface and boiled 
20

MCMtBi 111
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TABLE I

Combination
X

X
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B. P. 40* C 
Dark Red 

Not 
Wot vycor

■ ■ «

• • • * 
• •

♦ lee Br^
♦ See Br2
♦ 4cc Br2
♦ Zee Br2
♦ 4cc Br2

Br2 
BrF.
Brfj
4cc BrF, 
4cc BrF$ 
lee BrF, 
4c c BrFj 
lee BrF j

• *•*

nnnjNG points observed xn the distillations 
OF THE Br2-BrF3-BrFs SYSTEM

Wet® Vycor

B. P. M* C 
Dark Rod

B.P. 51* C 
Dork Red 

Not 
Wet Vyewr

B.P. 4Z* C 
Water 
White

Woto Vycor

X

B.P. 127* C
Tallow

Not
Wet Vycor

X
X

X 
X

X
X
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•In the case of the Br2-BrFj mixtures. the low boiling fractioe. boiling at 51* 
C. was found to have a F/Br ratio of only 0. JZ. A conversion of this value to 
weight per cent shows that thia fraction contains only about by weight of 
BrFj. One might suppose that thia liquid was merely bromine mechanically 
contaminated by BrFj were it not for the fact that the boiling point observed 
(51* C) waa lower than that observed for either Brg. 59* C. or for BrFj, IZh" 
C. In view cf the miscibility gap in the Brj-BrFj ayetem reported by Argonne.'* 
the low boiling mixture may well be a vapor phase in equilibrium with two im- 
miacible liquids. An alternate possibility io that the low boiling mixture io an 
aaoot rope.

oeo •*
• a • 

•s::
• • o0*0 • *

The other fraction, found when a dilute solution of Brz in BrFj waa 

distilled, was also a dark red liquid which, however, did wart the Vycor aur- 
fnce and boiled at 14* C. Since thia fraction waa observed in the irradiated 
liquid it appears again that the predominant decomposition products of BrFj 

are Br^ and BrFj.

F/Br Katioa of lx»w Bo i 1 ing Frac non.

To obtain additional evidence pointing to the idsntif ication of Br* and 

BrFj. F/Br atomic ratios of the two low boiling fractions were determined. 
The solutions were analysed for total bromine and th* fluorine waa calculated 

by difference.

The results of the F/Br ratios calculated from those data are compared 

with F/Br ratios obtained from fractions distilled from synthetic binary mix­
tures of Br^, BrF}, and BrFj and are shown in Table II.*

The F/Br ratio for the W C boiling fraction agrees fairly well with that 
of the Br^-BrFj asootrope. The F/Br ratio in the case of th* colorless liquid 

boiling at 42* C ia probably low since a certain amount of hold-up in the die. 
filiation column caused a contamination of this fraction by the >4* C fraction. 
Nevertheless the values are high enough to again indicate the presence of BrFj.

Thus from th* shape of th* pressure curves during and after the irradi­
ation. from the striking effect of temperature chang* on the pressure. from the 
observation of color and boiling pointe of the fractions isolated by distillation 
and from th* F/Br ratios of th* collected fractions, evidence has boon described 

all pointing to the fact that Br^ and BrFj are the predominant decomposition 

products formed during the irradiation of BrFj by energetic electrons.
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4. 20 
4.01 
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0. 15
4. 12 
0. 11 
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1. 52

Fractions 
From Btm 412 <

Fractions 
From IUm 414

1.04 
0.00 
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7.00 
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4.4
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1.7
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_____  _____________ “ *■ A curve m«*eur»4 
the irradiation was displaced upward by a email constant------ -- —

In one experiment, the 
obtained was identical

5BrFj ....-Br^ v

. of the irradiated liquid were measured with a Beck- 

A typical absorp- 

Thr shape of the curve* 

mixtures (see Fig. 9'
IO. a Br2 coocen- 

determination for several irradiations

appears to be identical to that of the synthetic Br 

By comparing the optical densitl 

tration was obtained, 

appear in Table IV.

The optical densities
man Model D. U. spectrophotometer at various wave lengths.

tion curve of an irradiated solution is shown in Fig. S.
BrF 3

with those shown in Fig.

The results of Br2

Determination by Distillation Method

To determine the fraction of BrFj decomposed, the distillation method, 

used to identify the decomposition products, was first used. The various frac­
tions were collected with the apparatus of Fig. 4. "hydrolysed" and analysed 

for total bromine. The fraction of BrF} destroyed was calculated by comparing 

the total bromine content of the low boiling fractions with that of the total sample. 

In two irradiations a value was also obtained by comparing the weight of the low 

boiling fraction, with the total weight. The result, are shown in Table III.

Determination by Spectrophotometric

Since only 5 ml BrFj was available for the fractional distillation and since 

at most only about 1O% of this or 0. 5 ml of th. BrF, was decomposed, it was 

difficult to distill over all the light fractions free of BrFj. This problem be­

came more serious in experiments in which 5W or less of the BrFj was de< om- 

posed. In order to avoid this problem an alternate method of determining the 

decomposition was carried out. namely, a colormetric determination of free 

bromine formed by the irradiation with the assumption that the over-all decom­

position reaction was:

♦This curve was obtained 24 hours after the irradiation, 
within 1 hour after .* —— — ——■------------- — . . ...
amount. This displacement was attributed to a certain amount of turbidity 
caused probably by a suspension of insoluble fluorides. 
BrFj was stirred after the setting period and the curve 
to that taken 1 hour after the irradiation.
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12. I
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5.04
0. 23
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0. 42
0. 22 
0.35

Total Br. 
_____«

0. 54
4. Ml
0. 40/ 5. 44

0. 54

0. 51
4. 12

0. 33 
0. 24 
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TABU IV

3

Dosage
Rua No.

CompArfoa of Results of Both Methods

could be calculated from

TABLE V

Run No.

28 stcsiv
• e . . .*• • • *

COMPARISON OF > DECOMPOSITION BY 
SPECTROPHOTOMETER METHOD

AND FRACTIONAL DISTILLATION METHOD

Cur rent 
M-ennp

12
14
15

12
14
15 
M 
IT

25
25

5
5
5

Dosage 
/x-amphra

2.4
2.6
0. 7

% BrF) Decomp, 
(by Fractionatioe )

• Free Brg 
100 g Sola.

100.
84. 5

7. 7
5. 0
5. 0

2.4
2. 6
0. 74
0. 50
0. 25

4.4
10. 8
3.2

12. 3
8.8
4.0

1O0. 0
•4. 5
7.7

8 Br^/1
% BrF} Decomp. 
(Calc, from Br^)

• •
• • eat

three irradiated samples were analysed for free bromine with the spectropho­
tometer and for total bromine by the fractional distillation method. The results 
are shown in Table V.

To ensure that the estent of damage of the BrFj 
the Br^ results according to the equation.

SBrFj z ♦ 3BrF5
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D.

(1 — . . (5)

. . (MY • 0. 10S (1 -e

■ 1/2 and was found to bo 13. 3 microampere hours.

o

Y - Y.

• e

Am equation of the form:

-KO j 

• * * • •

3
sat •o •• • r• t• •• o

A "G*1 value. the number of molecules decomposed by 1O0 ev. was calcu­

lated at aero dosage in order to eliminate the back reaction effects. For this 

calculation it was accessary to know both the energy in ev produced per micro­

ampere hour and the number of molecules of BrFj destroyed per microampere 
ICCRtT „ .................................................. 2Y

The extent of BrF j decomposition based on the free bromine content was 

calculated for several samples and the results are shown m Fig. 11. The values 

of two runs. for wt*ch only the distillation method see carried out is also in­

cluded. As in the pressure curves it appears that a steady state is being ap­
proached.

OSS OSO 
• • • ♦ •_a S e »O O
• • • • • •

» ••• O S ••

The agreement between the observed decomposition and that calculated 

on the basis of free bromine is sufficiently satisfactory to permit the assump­
tion that the reaction mentioned above is the over-all reaction. It is felt that 

the spec tropboto motric method was more accurate since the small volume of 

BrFj, as discussed previously, leads to considerable error when the distilla­

tion method io used. For this reason the spectrophotometric value was chosen 

whenever available.

mmhmmmmmmn

The curve drawn in Fig. 9 represents this equation and applies to an irradiation 

of 5 cc BrFj.

Calculation of D >

The half exposure. D^, required for the decomposition to roach a con­

centration of half the saturated value was calculated from Eq. 6 by letting ■ co

was assumed where Y • the fraction of BrFj decomposed at the dosage D in 

microampere hours. Y^ is the steady state fraction of BrFj destroyed and K 

io a constant. A glance at Fig. 9 suggests that a value of 0. 105 seems reason­
able for Y^ . By using the value of Y a O. 024 for Deg mlcroaunpere hours, 

the following equation was obtained:
051FD)
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hour. The energy of a microampere hour of 1-Mev electrons la equivalent to

•»/ electron

ev/ electron

er/electron

destroyed per tnicroampere hour. D. was found

- - (T)

OF RESULTS

31SIC8IT
■

hfsschanisiB^^sL^

Although thia study was not sufficiently exteneire to allow a detailed mecha­
nism to be postulated. certain general features of the mechanism can be deduced. 
The form of decomposition veraua irradiation curve, Eq. (51 will be shown to 
be that expected if the rate of the forward reaction (8) and reverse reactions 
(10. 11) are all first order and are proportional to the beam intensity. X.

molecules/microampeye hour 
ev/microampere hour

molecules/ev is equivalent to a "G** value of 1. 5.

COtdonb/mic roamp hour 
coulomb/eloctrou

• •« • •

At aero dosage 
x 1022 
x 10*°

Thus
• a .«z03.4 x 10
2.2 x IO22

• • • * • a» •• 

s a
• ee

10*

io-5 10*coulomb *
microamp hr

K Yqj, ■ 0. 0055/microampere hour. Since 5 cc (6.2
were originally present. 0. 0055 x 6.2 x 10 22 or 3.4 

are decomposed by the beam per microampere hour.

dY
d~D “

dD/o 
molecules) BrF^ 
molecules of BrF }

« hour

x 10*

3.6 x 10S

or 1. 5 x 10'*

The fraction. Y. of BrFj 
by differentiating Eq. 5

K T. . « »

,_-6 
1°___ *mF M
mic roamp

s 3. 6

3.6 x 10~*
1.6 x 10* W

*2.2 x 1022

>

...
...

...
...

...
.
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kl
. - (•)

- . (9)

. . (10)

. . (IDproducts (c)

. . (12)fast

may be written

. . (13)j

2

a -5a . . (14)

. . (15)4

where k Integrating:

. . (16)1 -ex

Since at t • co, x » x

. . (17)1 -e

Since x in• and3x

stcatT32

or "*» is given by 
dt

• • • •

l-r-) -kj

-------products (a) 
fast

BrZ

BrZ 

products (b)

ak j It

• e e 
« e e

• e S

The rate of formation of Br^

BrF3

♦ BrF5

5 kl * k4

Br2- 

BrF5- 

products (b)4 products (c).

^kj (a -5x) -k4 x

The over-all reaction for the decomposition of BrF^

♦ 3BrF55BrF3

-(5 kj ♦ k4»t

<*r
dF- ki x<

BrF3-------------

products (a) 
k2

k3

dx . 
tt- ■ I

CD

* Actually x , 3x , and a -5x are the true concentrations,
a-x a-x a-x

this case is small compared to **a", the terms described above are used in 
order to simplify the calculations.

If out of "a” moles of BrFj, x moles of Br^ and 3x moles of BrFj are formed 
after D microampere hours of irradiation, then - is the concentration of Br., 

> —5x * ••— is the concentration of BrF5 and —---- is the concentration of BrFj. •

5x M 5XQQ

2 * k3’

>
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Since It * D. this bad the form of Eq. 5 where

K5x

Thue Eq. (6) becomes

i
from Spent Fuels

sicaiT

5m 
a

oo
1/2

53
• •

hour, k 
BrF5 i 
BrFj. 
composition of BrFj. 
value of Yqq .

In order to relate the experimental results obtained with the possible 
engineering use of BrFj for spent fuels it is necessary to evaluate the Statitron 
dosages in terms of those expected from the fuels. Three types of irradiated 
fuel will be considered. --- -------- ■ .... /fjC <

n/cm*/oec} which has been in the reactor for

The above treatment applies to 5 cc BrFj only. For a snore general ex­
pression the dosage. D. should be replaced by a "dosage density. D' which is 
expressed in microampere hours/cc BrFj. For thia case:

Tqq remains 0. 105
Dj/2 becomes 2.7 microampere hours/cc
K • 0.259 cc/microampere hour

Using the values of Tqq - 0. 105 and K ■ 0.051*. kj ■ 0. OO 109/microampere
a k j I e 42.7 kj. From this result it appears that Br^ and

are affected by the irradiation to a considerably greater extent than is
That is. the reverse reactions are intrinsically more rapid than the de-

This result was to be expected from the relativtly small

and kj

Additional information in the form of thermodynamic and spectroscopic 
data of the bromine-fluorine system is required before the most reasonable de­
tailed mechanism leading to the fora^tioa of Br^ and BrFj can be poo twisted, 

s from Statitron with Those FspsttoJ

Hanford fuel (flsx -10*^ 

100 days.

• eo • e e •

Y « 0. 105 (1 -e‘*Z59 >

kj » 0. 00545 cc/microampere hour 
and k^ remains 42. 7 k j
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MT1 Type 
MT* Type 
MT* Type 
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TABl.t YJ

AS- EXPECTED F*OM 3-GKAMS

Out PUe 
Daye

In PUe 
Daye

for S 1 U, 
curies

Beam int 
Microamps

1
1

100

447

37
7 
1

7 
1

100
40

2700 
6240

512 
060 
>40

3.0
5.4

1.2
0.6

120

2. 0
2.6

16

0. 007
0. 056 
0.71

Approx Flux 
_2/

y
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APPENDIX A

CALIBRATION OF STATTTRON POWH

P • 4. !• Tv.

where

J7stcaiT
e

P is the power in watte
4. IS ie the conv.r.ion factor from calories to joules
T ie the temperature rise in * C
v ie the flow rate of water (cc/sec ) and
o ie the specific heat of water (1 cal/’cc).

The values of five determinations carried out at different power levels 
are shown in Table A-l The agreement between the Statitron readings and calo­
rimetric values, about 90 per cent in all cases, is considered quite satisfactory.

The dosimeter, shown in Fig. A- 1 consisted of a hollow brass cell which 
served as the calorimeter. The temperature rise was measured with a differ­
ential iron-constantan thermocouple, which was soldered along the outer edge 
of short pieces of copper tubing thermally isolated from the rest of the system 
with Tygon tubing. Although the apparatus was so designed that the water enter­
ed at a few degrees below ambient temperature and left a few degrees above thus 
tending to reduce over-all heat losses or gains to a minimum, the calorimeter 
was nevertheless wrapped with glass wool. The water flow, measured with a 

Fisher-Porter flowmeter, was adjusted by means of a pinch clamp. A constant 
head tank insured constant water pressure.

In order to bypass special techniques required to avoid heat loss which 
accompanies a high AT, a flow type calorimeter was used. In this method 

water with a constant flow rate is irradiated. By measuring the flow and the 

difference in temperature of the incoming and outgoing water, the power can be 
calculated by the equation:

To calibrate the Statitron power it was desirable to use a dosimeter with 
which the calibration could be carried out conveniently and quickly. Such a 
dosimeter, based on calorimetry is described below.
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APPENDIX B 
TESTS FOB SUITABLE ELECTION BEAM WINDOW

A thin foil of 1 to 2 mil thickness sandwiched between 2 thin Teflon 

gaskets.

A thin machined window.

It must be possible to maintain a static vacuum in the cell containing 

such a window.
The window must be strong enough so that rupture, due to a pressure 

increase in the cell, will not be likely.
The material of the window and gasket must be such that corrosion 

by BrFj is kept to a minimum.
The window must be sufficiently thin to avoid any appreciable decrease 

in energy and intensity of the incident electrons.

To test the foil window, a 1/16-inch thick Teflon gasket was placed on an 

aluminum test cell which had a cylindrical opening of S/B-inch diameter. A 

1- or 2-mil aluminum foil was set on the gasket. A brass disc with the same 

sise opening in the center was placed over the foil and the entire system clamp­
ed tight. The system was tested with a Consolidated Mass Spectrometer Type 

Helium Leak Detector and no leak could be detected.

Since 2S aluminum is known to be rather inert to BrFj, experiments 

which are discussed below were performed to determine if this substance met 

the above requirements for a suitable window. Two types of aluminum windows 

were under consideration:

Among the advantages of the first type of window would be ease of fabri­

cation. Thus after each run this window could be easily replaced. Furthe*. 
the thickness of such a window could be as low as 1 mil while > mils is prob­

ably the limit of the thickness of the machined window.

In the designing of the reaction cell, used in the BrFj irradiations by 

energetic electrons of the Statitron. consideration had to be given to suitable 

windows to permit the passage of the beam. The requirements for such windows 

are:

•••
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With these satisfactory results, a 1-2 mil aluminum foil was selected 

for the cell window

• • :7

Since the range of 1-Mev electrons in aluminum is about 60mils. a window 

of 1-mil thickness should not decrease either the energy or intensity of the 

electron beam to any considerable extent.

The bursting pressures of the foil were then determined by pressurising 

the vessel. For the 1-mil foils the bursting pressures were Z3. 34. and 32 

psi gauge pressures. Tests for three of the 2-mil foils revealed that these 

windows did not blow at 50 psi. It was conceivable that hot BrF} vapors might 

sufficiently corrode the thin aluminum to lower the bursting pressure. To 

chock this possibility, about 1 cc BrF^ was introduced into the cell and the 

window was secured. The cell wee then heated for about 1 hour at a gauge 

pressure of 15 psi BrFj vapor. Thus the temperature of the BrF^ vapor was 

approximately its boiling point (12b* C). At the end of the heating time, the 

cell was cooled and the window removed. A visual inspection revealed no pits 

in the foil. The bursting pressure of two 1-mil foils treated in this manner 

were both 31 psi. To submit the aluminum to even harsher conditions, a 1-mil 
aluminum foil was immersed for 1 hour into liquid boiling BrF.. At the end of 

tain period the foil was mounted on the cell. The bursting pressure of the foil 
was 34 psi. Thus it appeared that corrosion of the window would not present a 

problem.
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TOTAL NOMINE ANALYSIS OF BrF3 AND BcFs
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produce a greater area of the absorbing solution, 
empty, the solution is gently swirled until all the 

The sodium carbonate is then upset to permit the 

react with the last traces of BrFj. 

removed.

BrFj, and 

BrFj in the above manner. The results are given in Table IV. The agree­

ment appears quite good in the case of Br2 and BrFj. In the one case of BrF 

while deviation was larger, agreement was still sufficiently good to warrant 

this method for the analysis of the irradiated solutions.

42

In order to confirm the identity of Br^ and BrF^ as decomposition pro­
ducts and to determine the extent of decomposition of BrFj by the radiation 

field it was desirable to analyze the irradiated BrFj for total bromine. In 

order to do this by chemical methods, it was necessary to convert the irradi­

ated liquid into a more inert form. One method which was developed at the 
Argonne National Laboratory" involves the use of a thermally sealed Fluoro­

thene bag which includes the frozen sample. Water or a saturated aqueous 

solution of aluminum nitrate is then cautiously injected through the bag into the 

sample. One disadvantage of this method is the violent and therefore hazard­
ous reaction of BrFj with aqueous solutions. To eliminate this hazard the bag 

technique has been modified by allowing the BrFj to drip into anhydrous sodium 

carbonate. The rear ’.ion is smooth and is not accompanied by flame or "pop­

ping". The bag is shown in Fig. C-1 A brass clamp seals the entry portion 

of the bag thus avoiding a thermal seal. A Vycor collection tube, containing 

the frozen sample is clamped with a Teflon holder into such a position that as 

the sample melts, it enters dropwise through the side arm into a beaker con­

taining the anhydrous sodium carbonate. This beaker is clamped into position 

with a Fluorothene holder. Since the reaction liberates bromine and carbon 

dioxide among other products, a saturated solution of sodium hydroxide con­
tained in a beaker is used to absorb these gases. As more bromine and carbon 

dioxide are generated, the clamp is loosened manually and the beaker upset to 

When the collection tube is 

bromine vapors are absorbed, 

sodium hydroxide solution to
The clamp is then loosened and the solution 

The bromine in its various states was reduced to bromide with SO , 
and titrated with AgNOj using K^CrO^ as an indicator.

The procedure was checked by analyzing samples of Br^, 
in the above manner. The results are given in Table IV.

2 and BrFj.
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Fig. C-l. Modified Fluorothene Bag for "inactivating" BrF 1

FOLIjOWIHG Na -CO

Theoretical Wt
M Bromine, g

Total 
Bromine, g

Per Cent 
Deviation

Sample
Wt, g

TA»1JE C-I

TOTAL BROMINE ANALYSES OF BrJt BrF^. AND

REACTIONBrF. ------- 5

12. 45 12. 45 12. SO 2. 7
8.69 4. 95 5. 06 2.6

9. 07 5. 17 5. 10 2.4

1.69 . 72 . 77 6. 5
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