
shown that As vacancies on the GaAsi110) , , 

surface preferentially move between zigzag 
chains ( 1  2). This phenomenon can be iln- 
derstood in terms of simple bond-breaking 
and rebinding arguments (12). The  ob- 
served migration of vacancies can be ex- - 
plained by the same arguments. 

T h e  motion of the defects could be 
thermallv induced or the result of me- 
chanical'transfer of the atoms by the tip. 
In some cases, during the continuous ob- 
servation of the same area. defects ao- 
peared and disappeared. T h e  positiin 
changes were independent of the scanning 
direction, which indicates a thermal ori- 
gin for the defect motion, but the present 
data is not sufficient to exclude other 
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mechanisms. Quantitative comparison with 
STM imaging is necessary. 
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the Heliosphere over Prolonged 
Periods by 44Ti Measurements in 

Meteorites 
G. Bonino," G. Cini Castagnoli, N. Bhandari, C. Taricco 

The heliospheric magnetic field (HMF) is controlled by solar activity, as established by 
measurements over the last few decades, but its characteristics when the sun was quiet 
for prolonged periods, such as during Gleissberg or Maunder minima, are not known. 
Titanium-44, produced in meteorites, provides a monitor of the galactic cosmic ray (GCR) 
flux and allows estimation of the modulation effect of the sun for the period 1883 to 1992. 
The titanium-44 activity is consistent with the expected value, but the increase, due to the 
last Gleissberg minimum, is four times greater than expected for a GCR modulation based 
solely on sunspot numbers. This result implies that the HMF was weaker than at present 
and as a result the GCR flux (for energy greater than 1 gigaelectron volt) was higher 
between 2.2 to 3.6 protons per square centimeter per second per 4~ steradians at 1 to 
3 astronomical units in solar cycles 12 to 15. 

Production of cos~nogenic radioisotopes in 
meteorites depends on the GCR flux, which is 
controlled by the HMF which, in turn, de- 
pends on solar activity. GCR flux is inversely 
correlated with sunspot number. The radio- 
isotopes can, therefore, serve as proxy records 
of solar activity. This approach has been used 
to understand solar behavior in the past based 
on records from terrestrial archives, such as 
14C in tree rings (1) and '"Be in ice cores (2)  
and sediments, but such records are not free 
from interference of the terrestrial climate 
that governs the deposition rates of these 
isotopes in various terrestrial reservoirs (1). A 
similar approach, that of using isotopes pro- 
duced in meteorites, offers a direct assessment 
of the solar activity, free from the influence of 
climatic cycles on Earth. The effect of the 
11-year solar cycle has been quantitatively 

estimated by analysis of 22Na (half-life, 2.6 
years) in meteorites (3, 4) and lunar samples 
(5). Here we use measurements of 4"i in 
stone meteorites with known dates of fall to 
assess century-scale variations in GCR flux. 

4"i has a mean life of about 96 years (6) 
and is thus ideal for monitoring the behavior 
of the sun during the past 100 or 200 years. It 
is produced in cosmic-ray interactions (>70 
MeV) in meteoritic iron and nickel (7). At- 
tempts to determine its variation by radio- 
chemical seoaration in several meteorites 
have not yielded measurable activity (8) be- 
cause its production cross section is low, re- 
sulting in 44Ti activity of about 1 dprn per 
kilogram of chondrite. We have therefore de- 
signed (9) a sensitive and selective y-ray spec- 
trometer to measure activity of its daughter, 
44Sc (half-life, 3.93 hours), which is in secular 
equilibrium with its parent, 44Ti. 44Sc decays 
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tector that operates only in annihilation y-ray 
windows. By situating the spectrometer at an 
equivalent water depth of 70 m under Monte 
dei Cappuccini in Torino in a nitrogen atmo- 
sphere, a background of -0.6 counts per day 
in 1157-keV channels was achieved. 

We counted 10 fragments of nine chon- 
drites: Alfianello (L6, 625 g), Lancon (H6, 
1080 g), Holbrook (L6, 331 g), Olivenza 
(LL5, 247 g), Rio Negro (L4,388 g), Monze 
(L6, 165 g), Dhajala (H3, 700 g), Torino 
(H6, 445 g), and Mbale (L5/6, 700 and 730 
g) that fell during the period 1883 to 1992. 
The  activity of 26A1 (1 809 keV), 4"K (1461 
keV), and 44Ti (44Sc, 1157 keV) was mea- 
sured by counting fragments for a period 

I 
I I 4 . 0  

1880 1900 1920 1940 1960 1980 2000 
Year 

Fig. 1. (A) Observed 44Ti aktiv~ty (dpm per k~lo- 
gram of Fe + Ni) for H (0), L (a), and LL (A) 
chondrites. AL, Alf~anello; LA, Lancon; HO, Hol- 
brook; OL, Olivenza; R N ,  Rio Negro; MO, Monze; 
DH,  Dhajala T273; TO, Torino; MB, Mbale-T and 
Mbale-A. The variation expected due to modula- 
tion of GCR by sunspot activity is shown by a th~ck 
curve and, on a magnified (right hand) scale, by a 
dashed curve to ~llustrate small variations expect- 
ed due to the Schwabe cycles. (B) Comparison of 
the three-point running mean and the error on the 
trend (dotted curve) with the expected profile 
based on the sunspot numbers. 
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ranging between 4 to 12 weeks. The inher- 
ent  40K concentration in the meteorites was 
used as an internal standard for determining 
the effective efficiency of counting for each 
meteorite fragment, as described (10). The  
measured activity of "Ti was corrected for 
decay to the time of iall (Table 1 and Fig. 
1A).  

T o  determine the cosmic ray flux respon- 
sible for production of the observed activity 
of 4"i, it is necessarv to correct for (i) , , 

variation in target element (Fe and Ni) con- 
centration and (ii) shielding depth within 
the meteorite. The shieldine correction was " 
made on the basis of the density of tracks 
produced by cosmic ray heavy nuclei ( I  I ) ,  
which were measured in several spot samples 
of each meteorite. Together with exposure 
ages, calculated from cosmogenic "Ne (12), 
the track density allowed us to determine the 
prea tm~s~her ic  size (RJ and shielding 
depths (Ax) of the meteorite fragments (1 I).  
Further constraints on the shielding depths 
were obtained by comparison of 26Al activity 
with the production depth profiles (IS) .  
Measurements of "Ti in two fragments of 
Mbale (Ax  = 12 and -40 cm) indicated that 
the change in "Ti production rate with 
depth was small, as expected for high-energy 
products. The shielding depths of all the 
meteorite fragments were estimated to lie 
between a narrow range of 8 to 25 cm and, 
except for Olivenza and Dhajala, R, of all 
meteorites was between 23 and 40 cm. 01- 
ivenza and Dhajala were larger bodies in 
space (estimated R,, 85 and 110 cm, respec- 
tively). The shielding correction, normalized 
to Torino ([R,, Ax] = [24, 161 cm), was small 
in all meteorites excevt Dhaiala and the 
Mbale ( T )  fragment, where it approached 
10%. 

The  observed 44Ti activity was com- 

Table 1. Track density, calculated shielding depths, 

Meteorite 
(class) Date of fall 

age (Ma) 

pared with the expected value calculated 
from the isotope poduction model (14) 
(Fig. I A ) .  The model requires inputs of 
GCR flux, JG (protons >1  GeV/cm2.s.4~ 
sr), and excitation functions of "Ti from Fe 
and Ni. J,(t), appropriately modulated by 
the solar activity, was calculated on the 
basis of sunsnot numbers (Fie. 2A) and . u 

Climax neutron monitor count rates (N,,,) 
as follows. 

The  relation between N,n(t) and annual 
sunspot numbers, R(t),  for the period 1953 
to 1992 is given by 

This relation was extrapolated back to 
1800. jG was then calculated by a linear 
regression between the normalized (January 
1965: 4291.7 countsihour x 100 = 1)  neu- 
tron monitor rate, N,*, as given by 

as described (10). The flux, used with the 
isotope production model (14), gives the 
expected profile of 44Ti as a function of 
time of fall (Figs. 1 and 2B). A systematic 
error may be present in the absolute pro- 
duction rate as a result of uncertainties 
inherent in the model and the excitation 
function, but the shape of its time profile 
depends only on the variation in sunspot 
numbers (Fig. 2A). The small oscillations 
in poduction rates (Fig. 2B) are due to the 
11-year Schwabe cycle and the two large 
maxima are due to the Gleissberg minima, 
with a phase lag due to the integrating 
nature of the 4 T i  activity over its mean life. 

The agreement between the observed 
"Ti activity and the expected values (Fig. 

I A )  is reasonably good, taking into account 
the errors of measurement (7 to 20%), and 
validates the procedure used, except that 
the activity in meteorites that fell during 
1920 to 1950 appears to be higher. T o  
ascertain whether the increase is real or a 
statistical fluctuation, and to reduce the 
standard deviations, we consider movine " 
averages of the data. The  three-point run- 
ning mean together with the error band 
(Fie. 1B) shows a maximum around 1935. , -  , 

indicating that the trend of increased activ- 
ity is significant. In order to highlight the 
variability of the data and the phase of the 
maximum, we show the production profile 
on a magnified (X4)  scale (Fig. I A ,  dashed 
curve). The phase of the observed maxi- 
mum clearly agrees with that expected due 

Year 

Fig. 2. (A) Annual mean sunspot numbers from 
cycle 1 to 22. The locations of Gleissberg minima 
of 1810 and 1910 are indicated by G, and G,, 
respectively. The thick curve shows the 22-year 
running mean of the sunspot numbers. (B) The 
calculated production rate of 44Ti activity as  a 
function of time based on sunspot numbers given 
in (A). Curve shows the variation expected due to 
the 11-year Schwabe cycle and the 90-year 
Gleissberg cycle. The periods of peak activity ex- 
pected due to Gleissberg minima G, and G, are 
indicated. 

and 44Ti activity at the time of meteorite fall, Time of fall is given as date.month.year. Ma, million years ago. 

44Ti+ 
Track density Shielding Fe + Ni 

(1 05/cm"* (cm)* ("h) a b 

Alfianello (L6) 
Lancon (H6) 

Holbrook (16) 

Olivenza (115) 
Rlo Negro (14) 

Monze (L6) 

Dhajala (H3) 
Torino (H6)/1 
Mbale-A (15/6) 
Mbale-T 

4.56 (0, 107) 
0.5 (P, 51) 
0.8 (P, 15) 
5.0 (P, NR) 

< 1 
0.42 to 5.4 (0, 10 to 78)$ 

1 to 2.59 (P, 22 to 38)t 
0.69 (0, 9) 

0.93 (P, NR) 
0.00965 

4.2 
2.14 to 3.6 (0, 199) 

<0.2 

*O Olivines; P, Pyroxenes. number of tracks counted are given n parentheses [NR not recorded (1 I)]. Mean shiedng depth t range for dfferent fragments was calculated from 
( 7  7 ) .  f44T~ actvlty (a) dpm per klogram of meteorite, uncorrected for target abundance and shiedng; and (b), dpm per klogram of (Fe + NI), correctedfor shiedng and normalzed 
to Torno. $Ro Negro has solar flare tracks (9), whch are not included here. $Data are from (16), Track data are from (10). Torino had a complex exposure: a long exposure 
(stage I )  and a short exposure ( 5 1  0 Ma, stage I ) .  Composite exposure age of 68 Ma was recalculated from (70). 
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to the ~ l e i s s b e r ~  minimum early in this 
century. However, the observed increase of 
about 20% is four times that expected based 
on the sunspot numbers. 

The observed high 44Ti and the inferred 
high GCR flux during the Gleissberg min- 
imum suggest a much-weakened modula- 
tion of GCR during prolonged solar quiet 
periods. The heliosphere, during the 11- 
vear solar cvcles. is divided into two hemi- 
spheres of dpposite polarity by a wavy he- 
liospheric neutral sheet (HNS) whose incli- 
nation to the sun's rotational eauator in- 
creases from a few degrees at solar minimum 
to >70° at solar maximum and whose un- 
dulations also increase with solar activity 
(15). The HMF is relatively smooth during 
the solar minima. The enhanced GCR flux- 
es required for the higher production of 44Ti 
can be achieved if (i) the HNS becomes 
smooth and remains close to the helioequa- 
tor; (ii) the HMF becomes weak, more reg- 
ular, and orderlv; or (iii) the size of the , , . , 

helibsphere shrinks during a prolonged pe- 
riod of low sunspot numbers, so that a larger 
flux of cosmic rays can enter into the inner 
heliosphere. The GCR flux, JG(>l  GeV),  
near 1 AU during maximum and minimum 
of the 11-year solar cycle (14, 16) in the 
past four Schwabe cycles, varied between 
1.4 and 2.2 to 2.5 protons/cm2.s.4~ sr, with 
an average ,value of 1.7 protons/cm2.s.4~ sr. 
The observed activity can be explained ifJc 
varied between 2.2 and 3.6 ~ro tons l  
cm2.s.4.rr sr at 1 to 3 A U  during solar cycles 
12 to 15 covering the Gleissberg minimum 
at the turn of the century. Such a regularity 
of HMF may also justify the even higher 
GCR fluxes estimated for the Maunder 
minimum, when sunspot numbers were low 
for about 70 years (1645 to 1715), and can 
explain the high activities of I4C and ''Be 
observed on Earth (1 7). 
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Particle Formation in the Upper Tropical 
Troposphere: A Source of Nuclei for the 

Stratospheric Aerosol 
C. A. Brock,* P. Hamill, J. C. Wilson, H. H. Jonsson, K. R. Chan 

Atmospheric measurements and numerical calculations described here indicate that 
binary homogeneous nucleation of H,SO,-H,O particles occurs in the upper tropical 
troposphere. Particle concentrations decrease with increasing altitude above the tropical 
tropopause as a result of coagulation during the upward air transport produced by 
stratospheric circulations. During the extended periods of time that volcanic eruptions do 
not strongly influence stratospheric particle number concentrations, particles formed in 
the upper tropical troposphere provide nuclei upon which oxidized sulfur gases condense 
in the stratosphere. This particle source, coupled with aerosol microphysical properties 
and atmospheric transport, governs the number concentration of particles in the lower 
tropical and mid-latitude stratosphere. 

T h e  stratosoheric aerosol laver, or lunge , .  " U  

layer, is a fine mist of highly concentrated 
liquid sulfuric acid (H2S04)  particles that 
envelops the Earth at altitudes from a few 
kilometers above the tropopause (-9 to 17 
km) to -28 km. The  articles are tvoicallv , 
0.1 'to 0.3 p m  in diameier and are present a; 
number mixing ratios (NMR, number of 
particles per milligram of air) of -60 mg-' 
(1-3). These stratospheric H2S04-H,O 
particles provide sites for heterogeneous re- 
actions that repartition nitrogen species, 
ultimately leading to reduced ozone con- 
centrations (4 ,  5). In the polar regions, 
reactions on these particles may also acti- 
vate chlorine, which catalvticallv destrovs 
ozone (6). In both of these Lases, the surfade 
area provided by the particles for the het- 
erogeneous reactions is an important pa- 
rameter in the chemical process. In the 
polar vortices, H2S04-H,O particles are the 
nuclei on which polar stratospheric clouds 
(PSCs) form (7). Changes in the concen- 

C. A. Brock, J. C. Wilson, H. H. Jonsson, Department of 
Engineering, University of Denver, Denver, CO 80208, 
USA. 

tration of PSC nuclei mav change the con- 
centration of PSC particlds, the Lrface area 
available for chlorine activation, and the 
process of particle sedimentation that leads 
to denitrification and polar ozone depletion 
(8). , , 

The surface area available for heteroge- 
neous reactions in the stratosphere depends 
largely on the number of particles upon 
which the total particle mass is distributed. 
Most of the mass of the stratos~heric aero- 
sol layer originates from reduced sulfur gases 
(OCS, CS,, and SO,) transported from the 
troposphere (2). These gases oxidize in the 
stratosphere to H,S04, which then con- 
denses onto preexisting particles (nuclei). 
In volcanically quiescent periods, OCS is 
believed to be the dominant source of 
stratospheric H2S04  mass (9). The sources 
of the nuclei on which the H2SO4 condens- 
es are poorly known. Many particles form in 
the stratosphere from homogeneous nucle- 
ation of H2S04-H,O after major volcanic 
injections of SO, (10, 11). However, with- 
in -6 months after such eruptions, strato- 
soheric NMRs decav to near orevolcanic 
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