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shielding appears to be small compared 
to the dosage from primaries. The equi- 
librium neutron flux, however, reaches 
a maximum at shielding thicknesses 
greater than 10 g/cm2 and then falls off 
much more slowly with shielding thick- 
ness than the proton flux, owing to the 
greater mean free path of the neutrons. 
This was shown quantitatively in previ- 
ous calculations of the equilibrium neu- 
tron flux produced in the atmosphere 
by solar protons (2). Hence at greater 
shielding thicknesses the main radiation 
hazard may be from neutrons rather 
than protons, and a judicious choice of 
shielding material may provide greater 
safety than a further increase in thick- 
ness. 

In this report, we calculate the dos- 
age in rads and in rems from the equi- 
librium neutron flux produced by solar 
protons at atmospheric depths of 1 to 
100 g/cm2. These dosages are com- 
pared with the dosages from primary 
and secondary protons. We find that 
the neutron dosage exceeds the proton 
dosage at the altitude at which super- 
sonic transports cruise. The neutron 
dosage to travelers in such aircraft dur- 
ing the peak of solar particle events of 
the magnitude observed during the last 
solar cycle is below the maximum per- 
missible dosage for occasional exposure. 
This conclusion, however, depends on 
present estimates of three quantities- 
the intensity of solar particle radiation, 
the relative biological effectiveness of 
neutrons, and the maximum permissible 
exposure to radiation-which are sub- 
ject to revision as more data become 
available. 

The methods used to calculate the 
equilibrium neutron flux in the atmo- 
sphere produced by solar protons as well 
as the results of the calculation have 
been described (2). The differential- 
rigidity spectrum of the protons was 
assumed to have the form proposed by 
Freier and Webber (1): 

dJ/dP = (dJ/dP)o exp (-P/Po) (1) 

where Po is a characteristic rigidity of 
the protons which varies with time. 
Fig. 1 shows the energy spectra of the 
equilibrium neutrons at selected atmo- 
spheric depths, calculated for the esti- 
mated time-average values of Po = 125 
Mv and (dJ/dP)o = 1 proton cm-' 
sec"1 Mv-1. First-collision neutron dose 
rates were obtained by integrating (over 
energy) the product of the neutron 
energy spectra and the first-collision 
dose curve given in NBS Handbook 63 
(3). The neutron dose rate both in rads 
and in rems was calculated for various 
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values of Po and for various geomag- 
netic-cut-off rigidities. 

The dose rate in rads from primary 
protons was obtained by evaluating the 
expression: 

oo 

1.6 X 10-8 f(dJ/dP)dP 
Po 

x/R(E') 

f exp-[1xL(E')][E (E')]od 
d, J P [ -tt/~ j jj ) dx ( ]HZ (2)0 

1. (2) 

x//~ 

E' (E x, ) = E J C(IE dxE 
0 

The factor 1.6 X 10-8 is the ratio of the 
dose in rads to the dose in Mev per 
gram. Other quantities in Eq. 2 are 
defined as follows: 

Pc = the geomagnetic cutoff rigidity; 
P = the magnetic rigidity of the incident 

proton at the top of the atmosphere 
(x = 0); 

E = the energy of the incident proton at 
x = 0; 

dJ/dP = the differential rigidity spectrum 
of isotropic solar protons at x = 0; 

R(E) = the range in air of a proton of 
energy E(4); 

L(E') = the attenuation length of protons 
of energy E' in air; 

,u = cos o, where o is the direction relative 
to the normal of the incident proton at 
x = 0; 

(dE/dx)air = the differential energy loss 
in Mev per gram of air by a proton of 
initial energy E(4); 

[dE/dx(E')]H2o = the energy loss in Mev 
per gram of H2O (approximately equal 
to the energy loss in tissue) by a proton 
of initial energy E'(4). 

The primary proton-dose rate in rems 
was obtained by inserting the relative 
biologic effectiveness (RBE) for pro- 
tons (5) into the integral over t in 
Eq. 2 and re-evaluating the integral. 
Since the RBE is roughly unity for 
protons with energies greater than 15 
Mev, only the contribution to the inte- 
gral from terms near the upper limit 
was altered by inserting the RBE func- 
tion. 

Secondary proton-dose rates were 
calculated as a function of atmospheric 
depth with the aid of two assumptions: 
(i) The cross section for proton pro- 
duction in air was assumed to be equal 
to the cross section for neutron produc- 
tion. Hence, if energy losses due to 
excitation, recoil, and endothermic re- 
actions are neglected, one-half the resid- 
ual energy E' of the primary proton 
was assigned to secondary protons, and 
the mean energy of the secondaries was 
E'/2N, where N is the number of pro- 
tons produced per interaction by a 

Table 1. Proton and neutron dosages in rems, 
12 to 16 November 1960. 

Depth (g/cm2) 
Dose 

1 g/cm2 20 g/cm2 50 g/cm2 

1900, 12 Nov. to 2300, 13 Nov. 
Proton 162.0 4.9 0.64 
Neutron 2.1 2.3 1.25 

0500, 15 Nov. to 0800, 16 Nov. 
Proton 58.0 1.5 0.27 
Neutron 1.0 0.68 0.41 

NEUTRON ENERGY (MEV) 

Fig. 1. Equilibrium neutron energy spec- 
trum at various altitudes calculated for 
exponential proton flux spectrum dJ/dP = 
(dJ/dP)o exp -P/125Mv, normalized to 
(dJ/dP)o = 1 proton cm-2 sec-' Mv-1. 

10'5 

Po =125 MV 

tl~ ~ ------- RADS 

0- 
-----REMS 

16- 

.~ - .RPRIMARIES 

Vl o-7^ 

-SECONDARIES NS 

0 20 40 60 80 10 120 140 
IATMOSPHERIC DEPTH (GM/CM2) 

Fig. 2. Dosage from primary protons, sec- 
ondary protons, and neutrons in rads 
and in rems as a function of atmo- 
spheric depth. The solar proton spectrum 
is dJ/dP = (dJ/dP)o exp (-P/125Mv), 

ilo8-- \ ^ /NEUTRONS 

normalized to (dJ/dP)o = 1 proton cm-2 
sec-I Mv-1. 
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proton of energy E'. (ii) The secondary 
protons were assumed to stop within 
1,-' g per cm2 of their site of production. 

Then: 

D(x)dx in rads 
00 

1.6 x 1-' f (dJ/dP)dP 
PC 

x/R(E') 

f exp - [x/1L(E')][E'/2L] dx d (3a) 

D(x)dx in reis =1.6 x 10'o (dJ/dP)dP 

D(x)dx in rems = 1.6 x 10-S f (dJ/dP)dP 
PC 

x/R(E') 

exp - [x/1L(E'): ] [d NQ] 

(3b) 
where (1/L) is the total reaction cross- 
section of protons of energy E', and Q 
is the difference between the dose in 
rems and the dose in rads delivered by 
a proton of energy E'/2N: 

0 
r _ -dE 

Q f [RBE(E') - I [ (E') dE' 
E'/2N 

All other quantities in Eq. 3 are as 
defined in Eq. 2. 

The neutron and proton dosages in 
rads and in rems, normalized to a value 
of (dJ/dP)o = 1 proton cm-' sec-' Mv-', 
are shown in Figs. 2, 3, 4, and 6. It 
should be noted that this is approxi- 
mately the time-average value of (dJ/ 

qr 

r) 

: 

o: 
(K 

C)I 

Q: 

dP)o over the last ten solar cycles (6). 
During a major solar particle event, 
(dJ/dP)o may be as high as a few hun- 
dred protons cm-2 sec'1 Mv-~ for an 
hour or longer and may exceed 10' 
protons cm-2 Mv-~ over the period of 
the event, generally 1 or 2 days (1). 
The ordinate in Fig. 2 thus should be 
multiplied by five or six orders of mag- 
nitude and the ordinate in Figs. 3, 4, 
and 6 by two orders of magnitude to 
obtain the dose rates in rads or rems 
per hour during the peak of a major 
solar particle event. 

In Fig. 2, the neutron dosage in rads 
and in rems as a function of atmo- 
spheric depth is compared with the dos- 
age from primary and secondary pro- 
tons for P0o 125 Mv and a cutoff 
rigidity of 0 Mv. The secondary pro- 
ton dose increases slightly by compari- 
son with the primary proton dose with 
increasing atmospheric depth but re- 
mains less than 20 percent of the pri- 
mary dose at all depths up to 100 g/ 
cm2. The primary proton dose in rems 
is about 10 percent larger than the cor- 
responding dose in rads, and the sec- 
ondary proton dose is 20 to 40 percent 
larger in rems than in rads. The neu- 
tron dose, on the other hand, is almost 
an order of magnitude greater in rems 
than in rads. This reflects the high 
RBE of neutrons (3) in the region 
below a few Mev where almost all the 
equilibrium neutron flux is concen- 
trated. The proton flux at any depth 

Po 

Fig. 3 (left). Neutron dosage in rads and in rems at selected atmospheric depths shown 
as a function of Po. The liux is normalized to (dJ/dP)o = 1 proton cm-2 sec-" Mw:". 
Fig. 4 (right). Total (primary plus secondary) proton dosage in rads and in rems at 
selected atmospheric depths as a function of Po. Flux is normalized to (dJ/dP)o = 1 
protonl ci11 -" sec'1 Mv-:', 

1.568 

Fig. 5. Time variation of Po, Jo and the 
radiation dosage at selected atmospheric 
depths during the period of 12 to 16 No- 
vember 1960. Solar flares (3+, 2+), For- 
bush decreases (FD), and sudden com- 
mencements (SC) indicated by arrows at 
bottom of figure. 

has an average energy many times 
greater than that of the neutron flux 
and hence a much smaller average 
RBE. As a consequence of this differ- 
ence in RBE, the neutron dose in rems 
exceeds the proton dose at depths 
greater than about 30 g/cm2 (24,000 
m, or 80,000 ft) (7) whereas the 
neutron dose in rads is less than the 
proton dose at all depths up to 140 
g/cm2. 

It should be noted that the dosages 
given in Fig. 2 refer to the upper sur- 
face of a body lying parallel to the top 
of the atmosphere under a specified 
thickness of air (x g/cm'). At any 
tissue depth d within the body, the 
ratio of neutron to proton dose is 
roughly equal to the ratio shown in 
Fig. 2 for an atmosphere depth of (x 
+ d). For example, a man lying in a 
supersonic aircraft shielded by 1 g/cm' 
of aluminum and flying over the 
poles at 28,500 m (19 g/cm' 
of residual atmosphere) (7) would re- 
ceive approximately equal neutron and 
proton dosages in rems at the center of 
the body (about 10 g/cm' below the 
surface). At the upper body surface, 
in contrast, the proton dose would be 
more than twice the neutron dose. In 
general, an increase in the ratio of neu- 
tron to proton dosage toward the center 
of the body as compared with the sur- 
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face may be expected, owing to the 
relative flatness of curve for the neutron 
dose versus depth. 

As pointed out by Wilson and Miller 
(8), the ratio of primary to secondary 
dose is greatly influenced by shield- 
target geometry and may therefore be 
quite different for space capsules than 
for a body within the atmosphere. 
Nevertheless, a rough estimate of the 
neutron dosage inside an aluminum- 
shielded space capsule during a solar 
particle event may be made from Figs. 
2 through 5. The cross-section for neu- 
tron production in aluminum is approx- 
imately a factor of 1.7 times larger than 
the corresponding cross-section in air. 
If similar neutron scattering and ab- 
sorption cross-sections in the two mate- 
rials and similar geometry are assumed, 
the neutron dosage under a given thick- 
ness of aluminum shielding would then 
be roughly 1.7 times greater than the 
neutron dosage under the same thick- 
ness of atmosphere. 

The proton dosage, on the other 
hand, is nearly independent of the 
composition of the shielding ma- 
terial over the range of elements from 
nitrogen to aluminum. Hence, the ratio 
of neutron to proton dosage would be 
higher under an aluminum shield than 
under an air shield with the same thick- 
ness and geometry. 

The neutron and total proton dosages 
in rads and in rems at selected atmo- 
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Fig. 6. Total neutron dosage in rads as a 
function of geomagnetic-cutoff rigidity. 
The solar proton spectrum dJ/dP = (dJ/ 
dP)o exp (-P/125Mv) normalized to (dJ/ 
dP)o = 1 proton cm-2 sec-' Mv-1. 
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spheric depths are shown as a function 
of Po in Figures 3 and 4. With the aid 
of these curves, the total dose rate can 
be calculated as a function of time for 
any solar proton event for which the 
time variations of P0 and (dJ/dP)o are 
known. This is illustrated in Fig. 5, 
which shows the time variations of Po 
and Jo, where Jo = Po(dJ/dP)o, 12 to 16 
November 1960 (1), together with the 
corresponding neutron and total proton 
dose rates at atmospheric depths of 1, 
20, and 50 g/cm2. Two 3+ solar flares 
occurred during the period in question, 
one at 1329 UT on 12 November and 
the second at 0221 UT on 15 Novem- 
ber. Time-integrated dosages associated 
with each of the two flares are given in 
Table 1. The time-integrated neutron 
dosage exceeds the total proton dosage 
below atmospheric depths of 25 to 30 
g/cm2. 

The variation of neutron dose rate 
with geomagnetic cutoff rigidity is 
shown in Fig. 6. The decrease in 
proton dosage with increasing cutoff 
rigidity occurs predominantly at high 
altitudes, whereas the decrease in neu- 
tron dosage is relatively evenly distrib- 
uted over all atmospheric depths. Thus, 
the ratio of neutron to proton dose in- 
creases at high altitudes as the cutoff 
rigidity is raised. This is of interest 
in connection with shielding of high- 
altitude aircraft at low latitudes and of 
orbiting vehicles within the geomagnetic 
field. 

In summary, the dosage from second- 
ary neutrons produced by solar protons 
exceeds the dosage from primary and 
secondary protons at atmospheric depths 
greater than 30 g/cm2. This is roughly 
the upper boundary at which projected 
supersonic aircraft can cruise (9). The 
neutron dosage falls by a factor of two 
between 30 and 50 g/cm2 (between 
24,000 and 21,000 meters) whereas the 
proton dosage falls by a factor of five 
over the same altitude range. Surface 
neutron dosages to persons flying a 
polar route at 24,000 meters during a 
major solar-particle event are of the 
order of 0.1 rem per hour at the peak 
of the event and 1 rem over the 
duration of the event. Such events oc- 
cur about once a year during solar 
maximum. 

Hence, the accumulated dose to 
pilots of supersonic aircraft appears 
to be below the maximum per- 
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plished most efficiently by shielding with 
materials having a high cross section 
for neutron absorption. 

E. J. FLAMM 
R. E. LINGENFELTER 

Institute of Geophysics and Planetary 
Physics, University of California, 
Los Angeles 
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Calcite-Aragonite Equilibrium 
at 100?C 

Abstract. The equilibrium pressure 
of the calcite-aragonite transition has 
been determined near 100?C and is 
4.35 kilobars. These data are in agree- 
ment with earlier work but conflict with 
the most recent determination by Sim- 
mons and Bell. 

At low temperatures, the free energy 
of the calcite-aragonite transition is 
small [250 cal/mole, Latimer (1)] and 
direct experiments are necessary to fix 
the transition pressure with any degree 
of certainty. The low temperature data 
of Jamieson (2) and extrapolation of 
MacDonald's (3) and Clark's (4) data 
indicate a transition pressure of about 
4.5 kb at 100?C. At low temperature, 
direct study is difficult because of the 
sluggish nature of the transition; but 
Dachille and Roy (5) and Simmons 
and Bell (6) were able to effect transi- 
tions in the range 25? to 100?C by 
using the oscillating squeezer. Dachille 
and Roy found the transition near 4 kb 
at 100?C. Simmons and Bell report the 
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been determined near 100?C and is 
4.35 kilobars. These data are in agree- 
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indicate a transition pressure of about 
4.5 kb at 100?C. At low temperature, 
direct study is difficult because of the 
sluggish nature of the transition; but 
Dachille and Roy (5) and Simmons 
and Bell (6) were able to effect transi- 
tions in the range 25? to 100?C by 
using the oscillating squeezer. Dachille 
and Roy found the transition near 4 kb 
at 100?C. Simmons and Bell report the 
much higher value of 7 kb. In view of 
these discrepancies and the problems as- 
sociated with the squeezer devices we 
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