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ABSTRACT

Theoretical profiles of the resonance line of Li T have been
computed using an absorption coefficient which is the sum of that for
each of the four components and a model stellar atmosphere. These
profiles have been used to verify the lithium abundances derived by
previous investigators with various approximations. A study of the
feasibility of measuring the lithium isotope ratio with high dispersion
photographic spectra was made, with negative results,

We obtain profiles of N6708 A of Li I, N\6717 A of Ca I, and
sometimes )\6710.3 A of Fe I, and the D lines of Na I for a selected
group of F, G, and early K field stars, These profiles were observed
with the Fabry-Perot interferometer at the coudé focus of the 100"
telescope with a resolution of 0.06-0.09 A, Extensive checks of the
accuracy of the wavelength scale, the instrumental profile, and the
parasitic light level are made, including observations of the lunar
spectrum. The D line profiles were used to test the accuracy of the
computed theoretical profiles. The observed stellar line profiles are
fit by calculated ones to determine the lithium abundance, calcium
~abundance, rotational velocity, radial velocity, microturbulent
velocity, and lithium isotope ratio for the program stars. The rota-
tional velocities are all greater than 2 km/sec, and range up to
10 km/sec. The microturbulent velocities in the program stars must
be greater than zero. The isotope ratio Lié/Li7, determined by two
independent methods, is zero in all the stars, with the possible excep-~

tion of x ! Ori, for which we obtain L16/Li7 =0,1 (£0,1).
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CHAPTER I

INTRODUCTION

In the last twenty years, a pattern of the relative chemical
abundances in stars has become apparent. Let us define the metal

deficiency of a star by the ratio

Z@ [ N(Fe)/N(H)] ®

—

e  [N(Fe)/N(Hs (1-1)

We have observed stars with metal deficiencies in their photospheres
of almost 500. Yet the relative abundances of the elements heavier
than beryllium with respect to iron are relatively constant, varying by
no more than a factor of 5 for stars which are thought to be on or
close to the main sequence. Lithium, beryllium, and perhaps helium
do not obey this correlation. Stars with z®/z* approximately unity
may have lithium abundances with respect to hydrogen which differ
by a factor of 200. Furthermore, the meteoritic and terrestial
abundance of lithium is much higher than the lithium abundance of

the solar photosphere. Lithium is very rare compared with other
light nuclei such as C, N, and O.

The abundances observed in a stellar photosphere reflect the
chemical composition of the gas out of which the star collapsed, any
process of diffusion that may have occurred, nuclear reactions which
may consume material convected downward as well as produce pro-
ducts which may mix to the surface, any surface nuclear reactions,
mass loss, and other such phehomena. The light nuclei, such as

deuterium, lithium, beryllium, and boron, are most susceptible to
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nuclear burning, as they are destroyed at lower temperatures (T ~

8x 10° °

K) than the heavier elements. Furthermore, they are so
rare (N(Li)/N(H)=S 10“9) that a relatively small additional amount pro-
duces observable changes in the lithium or beryllium abundance from
star to star. In the cool stars, with deep surface convection zones,

it is possible that material from the photosphere may be carried by
convective currents to a depth where the temperature is sufficiently
high that these light elements will be destroyed.

The abundance of these light nuclei at various stages of stellar
evolution and in stars of different masses is therefore of considerable
interest. Unfortunately, boron has never been observed in stellar
sp‘ectra, and there is only one line in the spectrum of Be which is ob-
servable. This is the resonance line of Be Il at 3130 A, which is in a
very inaccessible and a crowded region of the spectrum. The resonance
line of Li I lies at 6708 A, and no other lines of lithium are observable
under normal conditions. Wallerstein and Conti (1969) review the
observational material for Li and Be,

The Isotopic ratio N(Li%)/N(Li’) (which we abbreviate as
Lié/Li7) is also a parameter of interest, as the isotopes of lithium
have different cross sections for nuclear burning and different tem-
peratures at which such burning commences. Isotopic data for stars
are, however, very difficult to obtain. This is because the energy

levels for atoms depend on the reduced mass p, where

_ mM
FEERm T M

and m is the mass of an electron, while M is the nuclear mass.

Since p = m(1 - %) and m/M is at the maximum 1/1800, the
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separation of energy levels as P changes for isotopes M to M +1

is very small. Therefore the separation between lines of different

isotopes of the same element is approximately m\/M, which is very
small. Furthermore, M increases rapidly as we go to atoms of

It is not surprising that only for D, He3, and
7

larger atomic number.

L’16 (and Hg (Dworetsky 1970)) as compared with H, He4, and Li
is the separation large enough that people have tried to determine
isotopic abundances with atomic lines. (Peimbert and Wallerstein
1965a,b for D; Sargent and Jugaku 1961 for He3). Molecular bands
also show isotopic effects which depend on the reduced mass of the
two atoms (for a diatomic molecule). Ci?‘/C13 ratios have been
measured 11; this way using the CH bands (McKellar 1960). Infor-
mation about the distribution of Mg and Zr isotopes has been
obtained using bands of MgH and ZrO (Sg:hadee and Davis, 1968;
Boesgaard 1968). G. H. Herbig (1964) initiated the work on the ratio
L16/L17, although the possibility was mentioned in McKellar's (1960)
review article, but dismissed as too difficult. Herbig used photo-
graphic spectra to observe the resonance line of LiI in late F and
early G fleld stars. He claimed that the isotopic ratio ranged from
0.0 to 0.5 in the group of stars he studied. The isotopic ratio Llé/L!.?
on the earth and meteorites is approximately 0,08, and the solar value
is uncertain, but no larger than 0.2. Theories for production of Li
predict Lié/Li7zO. 5 when produced, and Li® burns more readily than Li’.
We have measured the isotopic ratio Llé/Li7 using a Fabry-
Perot interferometer built by Dr. A. H. Vaughn with a resolving

power of more than 100,000 at the Coude focus of the 100" telescope.
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The list of stars we observe includes most of those which Herbig
(1964) discussed. In chapter II we describe the theoretical profiles
of stellar lines which are necessary to interpret observed stellar
line profiles. We attempt to derive L'16/Li7 from photographic
spectra in chapter III. In chapter IV we rediscuss the observed data
on lithium abundances.

A description of the Fabry-Perot interferometer is presented
in chapter V, with special emphasis on its transmission as a function
of wavelength, which we derive by observing laboratory sources. In
chapter VI, we obtain profiles of the resonance line of Li I, \6717 A
of Ca I, and sometimes \6710 A of Fe I for the observed stars.
(Profiles of the D lines of Nal are given in appendix A.) This
chapter also includes our observations of the lunar spectrum. We
fit the observed stellar and lunar profiles to determine the abundance
of lithium and calcium, the isotope ratio for lithium, the rotational
velocity, and the microturbulent velocity of each star in chapter VII.
In the last section, we present a brief discussion of the various
theories of nuclear astrophysics for the production and destruction
of lithium, and a summary of our conclusions. Appendix B discusses
the feasibility of observing deuterium by means of the wings of the

Balmer lines.



CHAPTER II

THEORETICAL PROFILES

A. Outline of Previous Investigations

No previous analysis of the resonance line of Lil in stellar .
spectra uses a correct method of calculating the theoretical line
profile and equivalent width. The major studies of the Li abundance
(Bonsack, 1959; Herbig; 1965; Merchant, 1967) have used two meth-
ods to determine the equivalent width of A6707 A, both originally
suggested by Bonsack (1959). The lithium line, actually a blend of
four components, is treated as though Lié/Li7 = 0,00, so that only
the two fine-structure lines of Li7 are considered. In Casel, itis
assumed that the absorption coefficients for the two components
should be added, and then the profile computed. Since LS-coupling
predicts a ratio of 2:1 for the transition probability of these com-
ponent’s, the method simply uses for the Doppler width of the blend
a value 1.5 times that of the stronger component. Case Il assumes

V' In all previous analyses, a single

X\ W, o+ WZ’ where gf1 = ngz.

layer approximation is used.
Obviously, neither of these methods is satisfactory. Further-

more the neglect of temperature stratification may introduce sig-

nificant errors in determining the abundance of lithium.

The determination of the isotope ratio is based on the treat-

ment given by Herbig (1964). Here the wavelength of the "center of

gravity" of the resonance line is computed using the following
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assumptions. Each isotopic line is assigned a wavelength which ig
that of the average of the two components, weight'ed by their 2:1
LS-coupling intensities. Thus the wavelength for a line of only the
isotope Li7 is 6707.811 A, while that for pure Li6 is 6707.971 A.
Then, if the isotopic ratio Li®/Li? is denoted by R, the wavelength
of the "center of gravity" of the whole line is given by

_ 6707.811 + R(6707.971) 3
= T TR

This treatment neglects the possibility of saturation in any of the com-

A (2-1)

ponents. Since the stars which were chosen by Herbig for determina-
tion of their isotopic ratio are those with a strong Li I line, it is
possible that errors may in this manner be introduced.

We thus find that previous determinations of the theoretical
provile of \6708 Aof Li I, both in the form of its equivalent width

and its central wavelength, have been inadequate.

B. Assumptions of Our Theoretical Profiles

Our theoretical profiles are based on an integration over
optical depth of a summed line absorption coefficient. The line
absorption coefficient is the sum of four Voigt functions. Let A)‘D(T)

be the Doppler width corresponding to the depth 7. Then

@ (\,7) = a (T)H[ \-6707.761) /ANL(7),a(7)]
+a (1)0.5H[(A-6707.912)/ AN, (7),a(7)]
T a (T)RH[ (\-6707. 921)/ AN, (7) , a(7)]

ta_(T)R 0. 5[ (\-6708. 872)/ AN, (7) ,a(7)] (2-2)

]
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where ao('r) is the absorption coefficient for the stronger Li
component (A6707.761 A) at line center for zero damping, and it
depends on the ionization and excitation of lithium, as well as the

lithium abundance, a(7) is given by the relation
a(7) =

where I'(7) is the damping constant. H(A)\/A)\D,a) is the Voigt
function, and R is the isotope ratio N(Lié)/N(Li7), which is
assumed independent of depth. Note that the factors of 0.5 enter
from the LS-coupling strengths of the fine structure components.

We have assumed that the profile of the absorption coefficient
for each of the four components of \6708 A has the same A)\D('r),
i.e. the same microturbulent velocity at a given depth. These
assumptions are reasonable and acceptable from the physical point
of view. In practice, R(Lié/Li7), A(Li7), and the microturbulent
velocity are assumed independent of depth. |

The actual value of the damping constant is the sum of T°
for radiative damping, van der Waals broadening, and electron
broadening. Radiative damping gives a width proportional to the
lifetime of the upper level, namely for A6708 A T_=3.7X 10 /sec,

2

or T, =4.5X 10"“ mA, which is negligible. H. R. Griem (1964)

has tabulated the half width for electron broadening of \6708 A of

Lil as a function of N, and T. For typical values at 7 ~ 0.5 of

N_~ 1013 and T ~ 5000 °K, we obtain T, =2X 10-2

mA , which

is negligible. This result is not very sensitive to temperature and
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is linear in Ne' Hence the major source of broadening must be
collisions with neutral perturbers (van der Waals broadening). To
evaluate this, we use an approximation given by Aller (1963) and

the Rydberg correction for Li given by Herzberg (1944}):
T =17.0c2/53/5y (2-3)

where NI1 is the number of neutral atoms, and

2
C=6.46x107% I, (2-4)
a

o
where a, is the Bohr radius for the ground state of hydrogen. Aller
(1963) gives an approximation for r as a function of the quantum
numbers of the upper state, which we use for the D lines and
33

?

A6717 A of Cal. For \6708 A of Lil we obtain C= 4.3 X 10~

while for the Nal D lines we obtain C = 6.6 X 1'0\-"33, and for

N6717A of Cal we obtain C = 8.0 X 10"33

. This leads to AQI‘_)\ for
A6708 A of 1t mA, which is much larger than that far electron broaden-
ing. |

We now adopt the approximation of neglecting electron

broadening, as both I'e and I"n are proportional to the density of

perturbers. Therefore,

F=T_ +T_ =T__ +17.0 CZ/SNn(T)V3/5(*r) (2-5)

rad

Figure 1 shows Fn(’r)/I‘CI for a typical solar-type model, where I’y

is the classical damping constant,



Figure 1. The ratio of the damping constant for van der Waals"
broadening to the classical damping constant as a
function of 75000 for the model (5500,4,1). The
constant value of the radiative damping constant is

indicated.
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2.2 2

8r7vTe
T = =" - . (2_6)
c! 3rnC3 .

Ionization of hydrogen at large depths (which decreases Nn) pro-
duces the tendency for I'n/rd to increase less rapidly beyond
T=1, A

In the region from 7 =0.1 to 7=1, I‘n is from 10 to 20
times the classical value. Furthermore, the exact choice of the
damping constant is irrélevant for a weak line whose equivalent
width is less than 150 mA. We therefore set I'= 10 T’ ,. We com-
pute I'(T) using equation 2-5 oniy for the D lines of Na I, where the
value of I' is critical as the lines are so strong.

We must now use the line absorption coefficient of equation
2-1 together with a model atmosphere to produce a line profile. We

recall that at the surface

o) -T sec (0)
Iv(e) =S.O Sv(’rv)e sec (06) dr, (2-7)
and
oo
F,=2f s, rE ) ar,, (2-8)

where E2 is the second exponential integral. Since our primary
concern here is stellar, rather than solar, profiles, we require the
emergent flux. In equations 2-7 and 2-8, 7, refers to an optical
depth scale defined by the total absorption coefficient, which is the

sum of the line and continuous absorption coefficients. We assume

throughout that the source function is given by the Planck function at



12
T(7); i.e. that there is no scattering. This point is discussed in
more detail in section C. .
We can then obtain the residual intensity and equivalent

width from

line
RI(\) = ;F—C—a%’-‘l (2-9)
F (\)
and
Qo
LN =§0 (1 - RI(N\)) dX (2-10)

The models which we have used have been computed on the
IBM 360 computer with a program (ATLAS) written by Dr. S. E.
Strom and Mr. R. L. Kurucz. The basic methods used to generate
the models are described in Strom and Avrett (1964, 1965). The
assumptions on which these models are based are that the atmosphere
can be represented by a plane parallel, semi-infinite model in hydro-
static and radiative equilibrium. Local thermodynamic equilibrium is
'assumed to hold. The opacity sources which are included are bound-
free and free-free absorption by H , neutral hydrogen, neutral |
helium, and ionized helium, and electron scattering. Approximate
opacities for bound-free absoprtion by C, N, O and Ne from the
ground and low excited states of the first four ionization states have
. been added by Dr.D.M, Peterson (seePeterson and Scholz, 1971).
Radiation pressure is treated as a perturbation on the gas pressure,
and the Avrett-Krook temperature correction scheme is used iter-

atively to obtain a model with flux independent of depth.
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The optical depth scale for the continuum is defined at a
standard wavelength which corresponds to the frequency at which

the atmosphere is most transparent; we have used T in all

5000 A
cases, With this choice of depth scale, convergence occurs within
six iterations. The model atmospheres are characterized by the
parameters of effective temperature, surface gravity, and chemical
composition. The latter is represented by the factor Z/Z®, where
Z is an average over the heavy elements. We shall denote such
models by the notation (T, log g, Z/ZQ). Note that the value of
Z/Z@ is used in calculating the electron pressure and continuous
opacity, but does not affect the lithium abundance used to compute
the line absorption coefficient. The helium content for all the
models was assumed té be 0.10 by number. The exact choice of
helium content is not relevant to the aim of this investigation.

We initially chose at random one model falling within the
spectral range covered by the observational data, and computed a
complete grid of profiles of \6708 A of Li 1 for it. The model
chosen has an effective temperature of 6250 0K, a surface gravity
of log g = 4.0, and Z/ZG) = 0.1, corresponding approximately to an
F8 main-sequence star with a moderate metal deficiency. Profiles
were computed for R =0.01, 0.25, 0.50, and 1.00 for a microtur-
bulent velocity of 0, 1, and 3 km/sec. In addition to the standard
adopted abundance of Li', denoted by A(Li’), A(Li') was multi-
plied by 10, 0.1, and 0.3. The abundance log (N(Li)/NH) cor-

responding to A(Li7) is -9.0, rather than the solar Li abundance.

We note that the upper limit for the photospheric lithium abundance
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is a factor of 200 less than the meteoritic abundance (Peach,1968).

C. The Source Function of the Lithium Line

To construct our theoretical profiles, we have adopted the
assumption that the source function in the lithium line \6708 A is
given by the Planck function. This procedure requires some justi-
fication.

A more correct form of the source function is that given by

Aller (1963)

si7) - [%iég]Bvﬂﬂﬂ)+[i-(13;2O]JJ7) (2-11)

where n is the ratio of line to continuous absorption coefficients and
(1 - €) is the fraction of all absorbed quanta which are reemitted

as scattered radiation. In order to achieve our approximation that
SV = B, either of two conditions is sufficient; € =1 or J,=B,.

We may estimate € for A6708 A using Ambartsumyan's (1956)

result, (equation 14-19 of his text)

2f
€ = (2-12)
267 A21
where Coe is the rate of photoionization processes from the upper
level of the line. A reasonable estimate of ¢ combined with the

2f

value of A given by Wiese, Smith and Glennon (1966) leads to

21

€~ 10-2', which is much too small for pure absorption to hold. We

may also estimate € by considering S, given by 2-11, assuming
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that n is independent of depth, using a two stream approximation,
and assuming that the Planck function is linear in 7 and independent

of v over the width of the line,

B(1) = Bo + B1(7) (2-13)
to derive
B
[ i i
RI = (2-14)
ST
B .
o
where
_ 1+ en '

We now consider the center of very strong lines (which traditionally
are considered to be formed by scattering) so that n is very large.
The measured residual intensity of the center of a strong feature
suchas H and K of Call or the D lines in solar type stars is
approximately 5%. Choosing a reasonable value of Bi/Bo =2, we

use equation 2-14 to obtain

L~e¢~10"2

Therefore € is too small to force pure absorption to prevail.

We do not know enough about the mean intensity to validate
the as surhption of pure absorption through the behavior of JV('T).
It is clear that a knowledge of this parameter is critical. We note
that the limits of equation 2-14 when L =1 or 0 (corresponding

to pure absorption or pure scattering and large n respectively),



Mo N
i +n —B';
RI, = B (for' L=1) (2-16)
NEY
B
o
and
B
) 1 { _
RIV = B 1 +n -B— (fOI‘ L—-O) (2-17)
N o

predict very different béhavior for the line profile as a function of 7.
Therefore our naive expectation is that scattering is very.
important in the source function for A6708 A and that the validity
of our assumption that Sv = Bv depends critically on how deep in
the atmosphere does J, become equal to B,. To resolve this
question we turn tothe Na I D lines, which come from the same

levels as the \6708 A fine structure doublet (2 ZS -2 2 2

2 2

(o] o
P30 2 Py

for Li, and 3 %S -3 ZP‘;/Z, 3 °P{ ), for Na). John Waddell III
(1962a,b) studied the profile of each of the D lines from the center
to the limb of the sun. He analyzed the cores of these profiles with
three assumptions, My >> 1, n.x proportional to gf, and SDi('r) =
SDZ('T). The third assumption is the only one which can reasonably
be questioned, and indeed if departures from LTE are important,

it could be invalid. His derived relations for IDi(p) as a function
of IDZ(p.) were obeyed extremely well by the observed profiles.
This implies that even if the line source function for each line of the

multiplet is not BV('r), the two source functions are identical.

E. H. Avrett (1966) provided tﬁe theoretical understanding of
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Waddell's observations. He discussed the problem of a three level
atom plus continuum, where the three levels are a ground state (1)
and two close-lying upper states (2 and 3) between which radiative
transitions are forbidden. His solutions to the line transfer prob-
lem in such an idealized atom, made assuming detailed balance of
each level, non-coherent scattering, and various functional forms
for B(T), demonstrate that in the interlocking 3-level atom 831(7) =
821(7), and that 831(7) is equal to B(T) at great depths, but less
than B(T) towards the surface (for T constant or increasing
inward).

Let us apply these results to lithium. We denote the two com-
ponents (\N6707.76 and 6707.91 A) of the Li7 line by A and B.
Even if SA(’T) is not equal to Bv('r), we know SA('r) = SB('r) and
SA('r)S BV(T(T)). Hence, in effect, the worst that happens is that the
temperature gradient given in the model with the assumption that
S, = BV(T(’r)) is too hot close to the surface, where we should use
S, = Bv(T*(T))’ and T* < T. This would result in stronger lines
than we predict with out simple theoretical profiles. We shall next
show that in the case under consideration, T*(’r) is very close to
T(T).

G. W. Curtis (1965), H. R, Johnson (1965), and D. Mugglestone
(1965) have theoretically studied the Na I D lines in the sun. The
most complete analysis is that of Curtis, which is based on Waddell's
observations. With no a priori assumptions about the relationship

between the source function and BV(T(T)) » they derive the continuum
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source function SC('T) and the line source function SI () from the
observed profiles. They assume sDi(T) = SDZ(T) and SDi is inde-
pendent of v; aDi(V)= constant aDZ(V), and Sc is independent of v
over the width of the line. Their final result is that for TSOOOA >
-2 2

i0 7, S =Sl,andfor TSOOOA <10

c » Sy < Sc (as expected).

Furthermore we know that the continuum is in LTE, and hence we

2

> 10"

obtain that for ’ SI = BV(T('T)). Even the cores

T (5000 A)
of the lithium lines, being much weaker than the D lines, are formed
below 7 = 102, Furthermore the atomic parameters of Li and
Na are almost identical; they have similar ionization potentials,
and the D lines are exactly analogous to the L;‘ lines. None of the
collisional transition rates involved in detailed balance of the Na I
levels depends on the number of Na atoms, as the collisions are
with eiectrons, H or H . Therefore, we may expect these results
obtained by analysis of fhe D lines in the sun to be applicable to the
‘lithium lines in stars whose atmospheric parameters are close to
those of the sun.

We have therefore demonstrated that in the region of the
atmosphere where the lithium lines are formed (with the possible
exception of stars with exceedingly strong \6708 A, such as the

T Tauri stars), SA('T) = SB(P-) = B(T(7)), and hence pure absorption

is a valid approximation.
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D. Discussion of the Theoretical Profiles

The calculated profiles béhave reasonably. If vy (the micro-
turbulent velocity) becomes as large as 3 km/sec, all detail .in the
profile is lost. This is not surprising, since the Doppler width
corresponding to 3 km/sec is’ 0.07 A, which is almost half of-the
wavelength separation between the components. Note that the thermal
Dopplei' width at 6000 °K for this line is about 0.08 A, The relative
intensity of the two major components (at 6707.76 A and 6707.92A)
changes with R in the manner anticipated, while the third component
‘at 6708.07 A is never strong enough to be present, even when R =1.0,
although it can be observed as producing a slight asymmetry on the
long wavelength wing of the line, but even this is marginally detectahle.

6r1i"),

(Note that because A(Li7) was held constant, rather than A(Li
profiles with the same value of A(Li7) but different values of R,
have different total lithium abundances.) At abundances corresponding
to 10 A(Li7) , it is obvious that the lines are completely saturated;
however, none of the stars observed had lithium lines as strong-as
this profile. Even in the range from A(Li’) to 0.3 A(Li'), which
covers the range of the observed profiles, there is some saturation,
as the equivalent width at A(Li7) is less than 3 X W(0.3.A(Li7)).

In figures 2a-j we see samples of these profiles, all .com-
puted from the same model atmosphere. Table 1 presents .the equiva-
lent width for the calc-ulated grid, while table 2 gives the wavelength

at the point of minimum residual intensity, and table 3 gives-the

wavelength )\.1/2 such that
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Figure 2. Computed Profile of A6708 A for the model (6250,4,0.1)
with

a) A(Li’), R=0.01, and v, = 0

t

0.25, and vy = 0

¢) A(Li’), R = 0.50, and v, =0

1.0, and v = 0

1.00, and Ve = 3

£) 0.3 A(Li’), R =0.01, and v, =0

b) A(Li"), R

d) A(Li"), R

"

e) A(Li"), R

]

g) 0.3 A(Li"), R=0.25, and v, =0

t

0.50, and O 0

1.00, and vy = 0

h) 0.3 A(Li7), R

i) 0.3 A(Li"), R

5) 10 A(Li"), R = 0.01, and v,=0



21
Figure 2

|

G

od
Cysusqur [orpis)Y

|
0
4

o) AlLiM, R=o.0\, v¢=o

1) ALLY), R=o0.25, V=0

A-G1o1.761 A

\ | | 1 l ] 1
-0 -0.\ o + 0.1 402 +03 +00




i 22
Figure 2 '

=~

1
o
i

i
<
)

—on
€Y ALY, Rz0.50,

Vg =0

d) A(L:Y), R=ves,

F-i-léus

]

«

T ratisay

Ve =0
A-b101761A
! ! ‘ ) T 1 3]
~04 © 0.\ oa ©.4 “ON



23

Figure 2
)
A
e O
9 OC—
£
N '3
—0%3
N
=3
"»
e) AL, Reo.el, et
- 0. A
Vt - 3
{;0
09
eh (L), R=o:ey
o3

A-6707.761 A
]

=0

1
40.\ +0.4 s




24

Figure 2
j.o
~
n
v
-
<
£
-0 -
—
3
.1 r g
WoaalLiY),R=e.50, 5
we

.o

oS3
L) o.s ALLT) R=v09,
Vt.:o
|.o

Pre AL, —o7

R=o.0l, V=0

-_ 0.0

A-6707.701A
~0.1 O\ +OA 4 0.3 40.¥

| T T



25

TABLE 1

Equivalent Widths for \N6708A Using the Model (6250,4,0.1)

0.01
0.25
0.50

1.00

I.

93
113
129

152

II. 0.1 A(Li%)

0.0t
0.25
0.50

1.00

(W)\ in mA is tabulated)

93
114
130

154

15
18
22

28

97
117
134

160

II'

Iv. 0.

3

10 A(Li)

201
246
262

276

A(LLD)

39
48
56

72

224
266
283

301
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TABLE 2

Wavelength of the Minimum Value of RI(\)
from Profiles for the Model (6250, 4, 0.1)

(A-6707.761 A is tabulated)

I A(LL")
Vi
0 1
0.000 0.000
0.010  0.000
;o.iso 30.150
0.010 10.010
0.060 0.160

IOI. 0.1 A(Li’)

R

0.01
0.25
0.50

1.00

Vi

0
0.000

0.000

0.150
0.000

0.150

0.010
0.030
0.080

0.150

II.

R

0.01
0.25
0.50

1,00

IV.

R

0.01
0.25
0.50

1.00

10 A(LL")

0.000

0.000

0.150
0.000

0.120

0.3 A(Li")

0.000

0.010

0.150
0.000

0.160

0.030
0.060
0.080

0.120



0.01
0.25
0.50

1.00
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TABLE 3
Values of ki/z for Profiles of \6708 A

for the Model (6250,4,0.1)

(X1/2-6707,761 is tabulated)

L ALL) II. 10 A(Li))
Vi R Vi
0 1 3 0
0.05  0.05  0.05 0.01  0.07
0.08  0.08  0.08 0.25  0.12
0.11  0.11  0.11 0.50  0.13
0.14  0.13  0.13 1,00  0.15
L. 0.1 A(LL) IV. 0.3 A(Li))
R Ve R Vi
0 0
0.01  0.04 0.01  0.04
0.25  0.07 0.25  0.07
0.50  0.10 0.50  0.10

1.00 0.13 1.00 0.13

0.07
0.11
0.13

0.15
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)‘1 2 (o)
5 [1 - RI(M] dng [1 - RI(M] dx (2-18)
-0 M2
which is what Herbig (1964) meant by his expression "the wavelength
of the center of gravity." (Herbig, 1970)

The equivaleAnt widths given in table 1 do not depend strongly
on microturbulent velocity even though the widths get to be so large
that one expectsthe line to be on the flat part of the curve of growth.
This is because, although the total width is large, the line is made of
sufficiently many components that each is still in é certain sense
on the linear part of the curve.

If we use Herbig's (1964) relation between )\1/2 and the
isotope ratio (equation 2-1), we obtain the values )\1 /2 (Herbig)
given in table 4. We see that equation 2-1 satisfactorily predicts
the "wavelength of the center of gravity," as )\1/2 (Herbig) agrées
very well with )‘1/2 determined from the computed profiles (see

table 3). Thus assuming Herbig's (1964) measurements are correct,

his results must be accepted.

TABLE 4

)»1/2 as a Function of R

R "1/2 (Herbig) (A)
0.01 6707.761 +0.05
0.25 6707.761 +0.08
0.50 6707.761 +0.11

1.00 6707.761 +0.13



29

We now consider the validity of the assumptions which have
been made in previous investigations regarding the equivalent width
of the lithium line. Figure 3 shows 3 curves of growth. The first
is a curve of growth for a single component. The second is that for
the resonance line with R = 0.01 (essentially that for a blend of
only two fine-structure components); the third is for R = 0.50, and
is the curve for the complete line of four components. The abun-
dance scale here is the total abundance of lithium, not A(Li7), 1)
thé.t the abundance is the same for all three curves. Note that the
curves for R = 0.01 and R = 0.50 do not coincide; thus to some-ex-~
tent the equivalent width for a given Li abundance and hence the curwve
of growth depends on the isotope ratio. However, the range in W)\
as a function of R for values of W)\ that occur in stars (10 to. 120
ma) is sufficiently small that the uncertainty in lithium abundance
due to lack of knowledge of R is about 0.1 in the log.

We see that the curve of growth for the blend of several
fine-structure components remains linear for much larger values-of
W)\ than does the curve for a single fine-structure component (i.e,
a line with only one component). This is because a complex line
with large equivalent width is in some sense a sum of lines of lower
equivalent width, and hence each of the components is still on the
linear part éf the curve.

One of the standard approximations used in previous investi-

gations to compute the equivalent width of the total lithium line. is-that

W= W1 + WZ’ where gf.1 = ng'z, namely treating the line as a blend



Figure 3.
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Equivalent width versus total lithium abundance for
N6708 A with only one fine-structure component, two
fine-structure 'components (R =0.01), and all four
components (R = 0.50). The absolute scale of the
lithium abundance is arbitrary but is the same for

all three curves.
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of two fine-structure components with R = 0.00. The accuracy of
this approximation can be checked by using the curves of figure 3,

Over the range 10 mA = W, =< 120 mA, which is the range of the

A
strength of the line in most stars, this approximation predicts the
total W)\ of the blended line to within 10%, and hence is of sufficient
accuracy to predict abundances correct to within 0.1 in the log.
Therefore, allowing for uncertainty in R, the approximation for
W)\ used in previous studies leads to a maximum error of 0.2
in the logarithm of the lithium abundance, ‘which is quite a
tolerable value.

The accuracy of the single layer approximation is discussed
later.

We thus find that the theoretical approximations used by
previous investigators to obtain )\1/2 and W)\ for the lithium line
A6708 A are completely satisfactory. If their observational data

are correct, we must accept their conclusions on the isotopic ratio

and abundance of lithium in stars.
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CHAPTER III

THE PHOTOGRAPHIC SPECTRA

A. Observational Material

We compiled a list of stars based on the following criteria:
a) the star already had been included in Herbig's (1964) original
paper on the isotope ratio Li6/Li7 or b) the star is bright, with a
strong lithium resonance line (based on surveys by Bonsack (1959)
and Herbig (1965)), and .is expected to have reasonably narrow lines,
The plate files of the Hale Observatories were searched for high
dispersion spectra of stars on this list that were well exposed in the
region near 6700 A. In this manner, 19 plates of 10 stars were
located, taken mostly by Dr. Bonsack and Prof. Greenstein.r Fifteen
additional spectra were taken by the author in March and September
of 1970 with the 32" camera of the 100" telescope, producing a dis-
persion of 6.7 A/mm near 6700 A. In addition to the standard
flashed IIaF plates, we used an experimental emulsion, Kodak 09801 ,
which proved to be approximately two times as fastas preflashed IIaF
plates., We thank Prof. Munch for making these fine plates available
to us. The exposure times, even with the more rapid emulsion,
ranged from 30 minutes to 2 hours. The plates were developed in
MWP-2 for 5 minutes with the automatic rocker. Calibration wedges
were made using the auxﬂi#ry wedge spectrograph. The comparison
spectrum was produced by an iron arc. Because we lacked spectra

for many stars included in Herbig's (1964) paper, nine spectra of 9
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stars were borrowed from Prof. Herbig. We are very grateful for
a chance to examine these beautiful spectra, which have a dispersion
of 4.1 j&/mm, and were taken with the 160" camera of the 120" tele-
scope at Lick Observatvory. Table 5 lists the available observational
material. |

It was very simple to identify the lines using the plates in
Herbig's (1965) article, the Atlas of the Spectrum of Arcturus
(Griffin 1968) and the Revised Rowlend Tables (Moore, Minnaert,
Houtgast 1966). The laboratory wavelengths of the stellar lines were
taken from Moore's (1959) Revised Multiplet Tables. In most cases,
the iron comparison spectrum was neglected, as the lines in this
region are largely higher order blue lines. It was felt that the
necessity of introducing a correction for the index of refraction of air
could lead to errors where the utmost accuracy in wavelength was

desired.

B. Grant Machine Measurements

All the plates were measured on the oscilloscope Grant
machine in direct and reverse mode. A list of 20 unblended stellar
features of varying strength from H_ to A6767.78 A was measured
on each plate, plus all features between 6705 and 6710 A, On the
underexposed spectra, only half of these stellar features could be
seen, and there were several plates where no lines were visible
past \6717 A. For the reasons described above, the comparison

spectrum was rarely measured. On some of the plates, the Li line
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TABLE 5

List of Spectra

Dispersion

Plate Emulsion Telescope A /mm Observer
Pb 4961 PR 200" 6.7 JLG
Pb 4962 IIaF 200" 6.7 JLG
Pb 4966 IIaF 200" 6.7 JLG
Pb 4963 - IIaF 200" 6.7 JLG
Pb 4968 IIaF 200" 6.7 JLG
Ce 11671 103aF 100" 6.7 WKB
Ce 11573 IIaF 100" 6.7 WKB
Ce 12120 103aF ioo" 15 WKB
Ce 11629 103aF 100" 6.7 WKB
Ce 20408 09801 100" 6.7 JC
Ce 16995 IIaF 100" 6.7 BP
Ce 16996 IIaF 100" 6.7 BP
Ec 1909 {l1.103aF 120" 4.1 GH
Ce 9971 103aE 100" 6.7 uvw
Ce 10008 103aE 100" 6.7 MU
Ce 13779 IIaF 100" 6.7 HEB
Ce 9969 103aE 100" 6.7 uvw
Ce 20204 09801 i00" 6.7 JC
Ce 20405 09801 100" 6.7 JC
Pc 7775 IIaF 200" 15 RPK
Ec 2342 11.103aF 120" 4.1 GH
Ce 20259 09801 100" 6.7 JC
Ce 20263 09801 ioo" 6.7 JC
Ec 1840 fl1.103aF 120" 4.1 GH
Ce 17321 IIaF 100" ‘ i5 PsC
Ce 16822 IIaF 100" 20 RPK
Ce 20262 09801 100" 6.7 JC
Ce 20260 09801 100" 6.7 JC
Ce 20264 09801 100" 6.7 JC
Ce 20252 f1l.IlaF 100" 6.7 JC
Ec 2523 f1.103aF 120" 4.1 GH
Ce 20253 fl.IlaF ioo" 6.7 JC
Ce 20258 09801 100" 6.7 JC
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TABLE 5 (Continued)

Star Plate Emulsion Telescope Disjfersion
/mm
EUMjA Ce 20254 f1.IIaF io00" 6.7
k Cet Ec 2394 - f1.103aF 120" 4.1
yLepA Ec 2487 fl.103aF 120" 4.1
$°Cet Ec 2393 fl.103aF 120" 4.1
10 Tau Ec 2430 fl.103aF 120" 4.1
Ce 20404 09801 100" 6.7
6 Tri Ec 2520 f1.103aF 120" 4.1
Ce 20407 09801 100" 6.7
€ Peg Ce 20406 09801 100" 6.7

Abbreviations for last columﬁ:

JLG
WKB
JC
GH
MU
Uuvw
HEB
RPK
PSG
BP

Prof. Greenstein
Prof. Bonsack
present author
Prof. Herbig
Prof. Murch
Dr. van Wijk
Dr. Butler

Dr. Kraft

Dr. Conti

Dr. Peterson

Observer

JC

GH
GH
GH

GH
JC

GH
JC

JC
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could clearly be seen as asymmetric. Normally, we attempted to
measure the point of minimum residual intensity. However, if the
line looked astmetric, we attempted to measure "the center of
gravity" of the line as defined by equation 2-18.

Because of the small range (only 200 A) covered by our Grant
machine measurements, a third order fit, AMy) where y is the
measured position, and a fourth order fit gave essentially the same
results, and so we used a third order least-squares fit to \(y) to
obtain the wavelengths of features between 6705 A and 6710 A from
their measured positions. In some cases, the unidentified solar
line at 6707.45 A was seen on the plates,

In general, the intrinsic resolution of the plate is about 20y,
or about 0.1 A at 5A/mm. We thus find it difficult to believe that
the exact wavelength of the Li line can be determined to sufficient
accuracy from only one plate. Herbig (1964) claims that with one
plate of a star at 4.1 A/mm, "the probable error in the wavelength
determination for a single line is 0.3 - 0,5 km/sec" (or 0.006 to
0.010 A). Thus we are working very close to the limit of resolution
of the spectra, and one would suspect that one plate might not be
sufficient.

Let us now examine the results of the Grant machine measure-
ments to see if they conform to the above expectations. In table 6,
we show the wavelength determined by Herbig for the line A6707 A
through measurements on a comparator and the wavelength we ob-
tained using the Grant machine for plates borrowed from Dr. Herbig.

It is important to realize that in this case we are both measuring
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TABLE 6

Comparison of My Measurements With Herbig's Measurements

Star Plate \;c-6707.00 A Mterbig6707-00 A*
Kk Cet Ec 2394 0.871 0.856
Yy Lep A Ec 2487 0.820 0.817
x Her Ec 1909 0.830 0.816
56 Aur Ec 2523 0.809 0.818
&> Cet Ec 2393 0.834 0.810
( Per Ec 2342 0.816 0.850
10 Tau Ec 2430 0.789 0.868
& Tri Ec 2520 0.839 0.866
B Com Ec 1840 0.853 ' 0.856

*
Taken from Herbig (1964)
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the same spectrograms. Here there is excellent agreement. The
average value of the difference l)‘JC - )\Hl is only 0.021 4
(1 km/sec). A similar difference was obtained when Margaret Katz
measured several plates on a comparator which I had previously

measured on the Grant machine, as shown in table 7. There the

average value of ,)\JC - )\MKl is 0.022 A.

TABLE 7

Comparison of My Measurements With Those of Margaret Katz

Star Plate ' )\JC—()?O?.OO A )\MK-6707.00 A
X Her Ce 16995 0.828 - 0.805
B Com Ce 20259 0.775 0.785
Ce 20263 0,844 0.820
x ' Ori Ce 20262 0.830 0.813

In a few cases, several lines of the comparison spectrum
were measured. In the reduction of these measurements, we did
not correct for the departure of the index of refraction of air from
unity. Table 8 shows the radial velocities determined from our
measurements of a maximum of four comparison lines per plate
compared <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>