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HE biological effects of thermal neutrons are due to the ionizing radia- T tions emitted when atoms of the irradiated tissue capture these neutrons. 
The compound atomic nucleus formed by neutrcn capture is unstable and 
almost immediately emits ‘‘ capture ” radiation to form a new isotope which 
may be stable, or unstable and subject to decay by the emission of radiation. 
In  a previous study (CONGER and GILES 1950) on the production of chromo- 
somal aberrations in the flowering plant Tradescantia by thermal neutrons 
(very slow neutrons with an average energy of 0.025 ev) from the Oak Ridge 
nuclear reactor, it was found that 99 percent of the total ionization from cap- 
ture reactions in the Tradescantia tissue was due to only three elements, 
hydrogen, nitrogen and boron. These emit a gamma ray, a proton, and an 
alpha particle respectively. Boron alone was responsible for 30 percent of the 
ionization absorbed in tissue which, at first glance, seemed surprising since 
boron is present in only 2.9 ppni of the wet weight of this tissue. However, 
two factors conspire to make boron so important in its contribution to the total 
ionization from capture in spite of its insignificant chemical concentration. The 
first is its very high capture cross section which is about 400 times that of most 
of the other biological elements (The capture cross section of an isotope is the 
area, in mi2, effectively presented by a single nucleus of the element to an inci- 
dent beam of neutrons, i.e., its affinity for neutrons.) ; the second is the fact 
that boron emits an alpha particle whose range is only about 12, in tissue. 
Thus all its energy is usually absorbed within the same cell in which it is pro- 
duced. The reaction involved is 

BIO + neutron -+ [ Bll] * -+ Li7 + 2.40 mev alpha particle. 

The importance of boron in these reactions suggested that a further study 
could be made by increasing the boron content of the tissue, thereby increasing 
the proportional amount of effect due to boron and the total effect due to a 
unit dose of thermal neutrons. This increase was attained in two ways: by 
increasing the boron content of the tissue, and by utilizing the separated stable 
BIO isotope which has a cross section of 3800 x an2, about five times that 
of the natural mixture of BIO and Bll isotopes (715 x lopz4 cni2). 

1 W o r k  performed under Contract No. W-7405-eng-26 for the Atomic Energy 
Commission. 

OEXfiTICS 38: 128 March 1953. 
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BORON ENRICHMENT AXD SLOW NEUTRONS 129 

METHODS AND RESULTS 

Boron enrichment of the plants was accompanied by growing in two glass 
jars six plants of Tradescantia paludosa ANDERSON and WOODSON (Sax Clone 
5 )  with the roots immersed in a boric acid solution of 10 ppm of boron. The 
plants had been removed from pots, the roots washed free of soil, all inflo- 
rescences picked off, and then grown in the boric acid solution in the green- 
house for about one and one-half months before they were used. By this time, 
plants were somewhat chlorotic but microspore development in the nonsterile 
buds seemed normal ; all inflorescences subsequently irradiated had their com- 
plete development in the boric acid solution. The boric acid was especially 
prepared by DR. PAUL TOMPKINS (1949) from a sample of 90 percent pure 
BIO. Inflorescences were picked from the plants on the day of use and divided 
at random into two groups. The first group was prepared for a spectrographic 
analysis of the boron content of the anthers as follows : anthers were removed 
from about 100 buds, selected at about the same stage of development as the 
irradiated buds, dried in an oven, ashed, and analyzed spectrographically for 
boron. The boron analyses were made by DR. CYRUS FELDMAN of this labora- 
tory. The remaining inflorescences were irradiated in the biological thermal 
neutron treatment facility in the Oak Ridge nuclear reactor. The physical 
characteristics o'f the radiation beam, methods of exposure, and dose measure- 
ment have been described in a previous paper ( CONGER and GILES 1930). 
Aceto-carmine smear preparations were made from inflorescences 22-24 hours 
after heutron exposure, and the frequency of induced chromatid aberrations 
determined from analysis of the microspores at metaphase. 

In the first experiment, boron-enriched and nonenriched normal inflores- 
cences were exposed simultaneously side by side. The aberration yield of the 
normal inflorescences is quantitatively the same in this experiment as those 
described in the previous paper, indicating that physical characteristics and 
neutron dosimetry are the same. The results obtained previously with non- 
enriched plants can be compared quantitatively with the results shown here 
for boron-enriched material. The data are given in table 1. 

I t  was found that the variation in frequency of qhromatid aberrations from 
bud to bud in the enriched inflorescences was unusually high, as much as four- 
fold in some cases, and was probably due to individual variation in  boron 
content. This variation in amount of effect at the same dose made it difficult 
to estimate the mean aberration frequency for all the different buds. An esti- 
mate was made by taking the average of the mean frequencies of all buds at  a 
particular dose, thus giving each bud the same weight in the average, regard- 
less of the total number of aberrations scored from each. The simultaneously 
exposed nonenriched inflorescences demonstrated the usual variation in aber- 
ration frequency from bud to bud, about -t- 10 per cent, and for these the mean 
frequency is the average of the total number of aberrations observed. 

The rate of aberration production per unit dose of thermal neutrons was 
estimated by fitting a weighted least squares linear regression line, each experi- 
mental point being weighted by the number of buds involved in the mean 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/38/2/128/6033328 by guest on 25 M

ay 2023



130 A L A S  D. CONGER 

value. The dose-aberration rate for control plants are taken from the more 
extensive data of the previous paper which fits the control data from this 
experiment. 

I t  seems natural to assume that the observed difference in effect between 
enriched and nonenriched buds was due entirely to the greater amount of alpha 
radiation resulting from the higher boron concentration in enriched buds. 

TABLE 1 

Frequency o/ 22- to 24-hour chromatid cabenations / r m  thermal neutron 
irradiaiion of normal and boron-enriched plants. - ___- -______-------__--__ 

Aberrations 
Chromatid 

Expos. (thermal No. Total Isochro- Chromatid chromatid 

(mins.) per cm') buds ce l l s  

Dose 

Experiment time neutrons of no. of matid plus isocd. inter- 
changes - 

Mean Mean Mean 
No. -__ No. - No. - 

cell* cell* cell* 

S N  16, 1 June '49 1 0.38 4 356 30 0.11 61  0.22 14 0.043 
31 ppm boron 1 0.65 5 309 46 0.17 9 1  0.34 24 0.11 

2 1.3 6 236 141 0.60 240 0.98 55 0.28 
3 1.9 3 97 52 0.51 101 1.0 21 0.22 

(x 10"') 

4 2.7 
5 3.5 
6 4.0 

S N  17, 6 July '49 1 0.50 
71 ppm boron 2 1.0 

4 1.8 

S N  16, 1 June '49 1 0.38 
control 1 0.65 
(not enriched) 3 1.9 

4 2.7 

2 46 78 1.7 135 2.6 41  0.89 
3 56 64 1.3 I31 2.8 46 1.2 
2 80 81 1.1 151 2.0 33 0.41 

IO 265 110 0.48 173 0.72 45 4 . 2 0  
7 157 79 0.71 136 1.2 28 0.28 
6 125 83 0.83 152 1.5 49 0.51 

1 100 4 0.04 10 0.10 2 0.02 
2 132 8 0.06 25 0.19 2 0.015 
3 162 38 0.23 72 0.44 20 0.12 
2 131 37 0.28 61 0.46 11 0.084 

Aberrations Der cell Der IX lo" n/cm' 

- 
Aberration production 

Chromatid 
Isochro- Chromatid chromatid 

matid plus isocd. inter- 
chanees 

Boron enriched 
S N  16 & 17 combined 

Control 
(not enriched) 

01416 0.75 0.242 

0.107 0.226 0.044 

'Meadce l l  is the average of the means of the individual buds for the boron-enriched 
buds; for normal control buds, i t  is the mean of the total number of aberrations. 

However, it is possible that such an increase in boron might make the cells 
physiologically more sensitive to radiation, independent of the alpha radiation 
involved. To eliminate the possibility that an increased '' physiological radio- 
sensitivity '' caused the observed cliff erence, inflorescences from boron plants 
and normal plants were exposed simultaneously to X-rays. The results are 
given in table 2. 

There is no difference in the response of the normal and boron-enriched 
buds to X-rays ; apparently, the difference observed from thermal neutron 
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BORON ENRICHMENT AND SLOW NEUTRONS 131 

irradiation is not due to a change in “ physiological radiosensitivity ” but 
rather to increased alpha radiation in the enriched plants. 

DISCUSSION 

I t  is apparent from the comparison of aberration yields in table 1 that boron 
enrichment has increased the effect per unit dose of thermal neutrons by about 
four or five times. How well this agrees with the anticipated increase in effect 
may be estimated on a physical basis from a consideration of the two changes 
which have been made in the boron-enriched plants. These two changes are 
the increase in the over-all concentration and the increase in the effective cap- 
ture cross section (per atom of boron) by using the Bla isotope. A comparison 
of the anticipated and observed ratio of effect is made in table 3. Data, on the 
ionization from a unit dose of neutrons are from table 8 of the previous experi- 
ment (CONGER and GILES 1950). 

TABLE 2 

Yield of 22- to 24-hour chromatid abmations from X irradiation 
o/ normal and boron-enriched planis .  -- - - -- 

- .  Aberrations 
I otal 

c/c interchanges X-ray Type No. Chromatid plus 
dose of of no* Isochromatid isocd. 

(r) plant buds Of 
c e l l s  NO. Per cell * S.E. NO. Per cell ~ s . E .  NO. Per cell *s.E. 

150 Boron- 4 175 171 0.980 f 0.075 389 2.22 f 0.11 120 0.68 f 0.063 

Normal 3 125 135 1.08 f 0.093 259 2.07 f 0.13 82 0.66 * 0.072 enriched 

Diff. f S.E. diff. -0.10 * 0.12 0.15 f 0.17 0.02 f 0.10 

100 Boron- 5 210 94 0.45 f 0.046 224 1.07 f 0.071 53 0.25 * 0.035 
Normal 5 350 166 0.47 f 0.037 385 1.10 f 0.056 84 0.24 f 0.02G 

Diff. 5 S.E. diff. 0.02 f 0.059 -0.03 f 0.09 0.01 f 0.044 

enriched 

250 kvp, 15 ma X rays, 3 mm Al inherent filtration. 150 r/min. The boron-enriched and 
normal inflorescences at each dosage were irradiated simultaneously. 

A boron enrichment of 21 times and a change in boron cross section of 4.8 
times causes a total increase in boron ionization of 101 times. However, it 
would not be expected that the over-all effect, chromosome aberrations, would 
be increased 101-fold, since boron accounts for only a fraction of the totaI 

’ ionization generated in the tissue. The chromosomes, however, are broken by 
the sum of the ionization from all sources, and the amount of ionization from 
all other sources (gamma-ray contamination, plus H, N and C1 capture reac- 
tions) is unaffected by the change in boron. Actually, the total ionization is 
increased only sixfold. The ratio of effect in enriched and normal plants is not 
simply in the ratio of total ionization, however, because a large share of this 
increase is being caused by alpha particles. It is well known that for equal 
ionization alpha particles cause more chromosomal aberrations than do X or 
gamma rays ; in this material, the relative biological efficiency of alpha particles 
is about 4.1/1 (KOTVAL and GRAY 1947). The total increase in biologically 
effective dose is therefore the product of ionization dose times the relative bio- 
logical efficiencies of the radiations involved. On this basis, it appears that the 
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132 ALAX D. CONGER 

final result of a 101-fold increase in boron ionization is an increase in the bio- 
logically effective dose of about 18 times. The observed increase in chromo- 
somal aberration production of from four to five times is the same order of 
magnitude and, considering the variables involved, is in fair agreement for an 
estimate Qf this sort. However, the fact that observed effect is less than ex- 
pected is in the proper direction to satisfy a number of specific biological con- 
ditions that were noticed in this experiment which would cause just such a 
deviation. Judging from the variation in aberration frequency from bud to bud 
at  the same neutron dose, it seems clear that boron concentration may vary 
between buds by as much as four times-in spite of the long growth period of 
entire plants in boric acid and the fact that all irradiated inflorescences had 
undergone their complete growth in the boron environment. Gnfortunately, 

TABLE 3 
Expected and observed ratio of effect from t h e m 1  neuiron irradiation 

o f  m d  and boron enriched plants. 

Sample 

- Expected 
Biological 

Sample Boron dose per equivalent 
dose per 
1 x 10" 
n/cmz n/cm' 

Observed 

Aberration production 
Aberrations per cel l  per 

1 x 10" n/cmz 

p.p.m. Effective 
of capture % Totalz % Isochro- Chromatid c/c 

of section B b i d .  B deletions isocd. changes 
Total wet wt. cross R.E.P.  from R.E.  from matid plus inter- 

anthers X 1014cm2 

Boron enriched 
(av. of Expts. 
16 and 17) 6 1  34201 62.2 85 228 95 0.416 0.75 0.242 

Normal 2.9 715 9.75 5.4 12.7 17 0.107 0.226 0.044 

Ratio en- 
riched/normal 2 1 4 .8  6 .4  18 3.9 3.3 5.5 ___ 
'90% B'" at 3800 + 10% B" at (0.05 = 3420. 
a Roentgen equivalent biological, when the biological efficiency of: protons = 2.6; alpha = 

4.1. 

analyses of the boron content of single buds could not be made; the amount 
was too small. A fair amount of anther sterility was found in the buds from 
boron-enriched plants, and because of the well-known toxic effect of high 
levels of boron, it is believed that the buds with sterile anthers were those 
with the higher boron concentration. A further concentration in boron content 
(on wet weight basis) in the sterile anthers was caused by the considerable 
amount they dried down. I t  is certain that a portion of the sterile anthers was 
unavoidably included in the spectrographic sample, but sterile anthers were, 
of course, automatically eliminated from the sample used for aberration analy- 
sis. Finally, it is obvious that any change in the isotopic concentration of BIO 
will have to be a decrease, caused by dilution with the normal Elo and Bll 
isotopic mixture in the plants and glassware. I t  is therefore concluded that the 
average boron content of the anther sample analyzed spectrographically was 
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BORON ENRICHMENT A N D  SLOW NEUTRONS 133 

higher than the sample analyzed biologically. Since the physical and chemical 
data of table 3 cannot allow for such an error, the expected ratio of effect given 
in table 3 should, in fact, be larger than the observed, as was found. 

The unique radiological features of the boron neutron capture reaction in 
tissue suggest its use for radiation therapy. The very high capture cross sec- 
tion of boron, the high ionization density and very short range (about 12 p )  
of the emitted alpha particle make possible the generation of very localized and 
large ionization closes in boron containing tissues subjected to thermal neutron 
irradiation. Lithium would have the same properties for this purpose as boron. 
The differential in ionization distribution is mainly a function of the differ- 
ential in boron or lithium distribution. ZAHL et al. [ 1940, 1941) in a series of 
papers have discussed thoroughly the possibility of and suitable methods for 
the radiotherapeutic use of boron and lithium capture reactions, and KRUGER 
( 1949 ) has demonstrated a reduction in " takes " with slow neutron irradiated 
mouse tilmors previously soaked in boron. 

SUMMARY 

An increase in the amount of biological effect (chromatid aberrations in the 
plant Tradescantia) produced by a unit dose of thermal neutrons has been 
caused by an enrichment of the boron content of the tissue. The separated 
stable isotope BIO was used for enrichment because of its high capture cross 
section for thermal neutrons. The increase in effect is due to the alpha rays 
from the Blo(n, a)Li7 reaction. For the same neutron dose, the enriched plants 
showed four to five times as many chromatid aberrations as the nonenriched 
normal plants. On the basis of the boron enrichment, measured chemically, a 
somewhat greater increase was expected. Disagreement was probably due to 
nonsurvival of the flower buds with higher boron content, which were included 
in the chemical sample, but excluded from observation in the biological sample 
because of death. 
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