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PREFACE

The forerunner of the dye laser was the liquid laser. These la

sers were rare earth chelates; that is, they held a rare earth atom in a 

chelate cage, which kept it isolated from neighboring molecular fields, 

and collisions with solvent molecules. These chelates lacked a chromo- 

phore group, and cannot be called dyes. The operating principle, which 

was based on energy transfer from the excited chelate to the internal 

orbits of the rare earth atom which then emitted an atomic line, makes 

the chelate laser more similar to the solid laser than to the dye laser.

The search for liquid lasers was carried out at the same time as 

the search for gas and solid lasers, which began shortly following 

Schawlow and Townes’ historic paper in the Physical Review of 1958. In 

1963, Lempicki and Samelson reported the first chelate laser.

These early liquid lasers had a high amount of absorption since 

the ligand transitions are highly allowed, and the pump light was ab

sorbed before it penetrated a few microns into the liquid. Therefore, 

the number of active molecules was low, and outputs and efficiencies 

were also low. These early lasers were also untunable, since they emit

ted an atomic line from the isolated rare earth, instead of the broad 

band of the later dye lasers.

In 1966, Peter P. Sorkin and John R. Lankard of IBM Corporation 

demonstrated laser action in the first organic dye, ch1oro-aluminum- 

phthalocyanine. This laser was pumped by a ruby laser. In an addendum
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to their paper which appeared in the IBM Journal of Research and Devel

opment, the authors announced laser action using a flashlamp to pump the 

dye. In 1967, Soffer and McFarland reported efficient spectral narrow

ing and tunability of the dye output in Applied Physics Letters. This 

was accomplished by using a diffraction grating as a cavity reflector. 

The search for laser action in different dyes has resulted in tunable 

-dye. ,las.ers.,'_£hr.QUghout the -entire _vis-ib.le__w_aveleng.th ..range.

The present work grew out of my work with dye Q-switches. I 

wanted to show that a working dye laser can be built simply and econom

ically.

I wish to acknowledge the help of Dr. Robert H. Noble in the 

preparation of this thesis. His helpful discussions have been invalu

able. Also, I would like to acknowledge the help of Dr. Krishna Vemul- 

apalli for his many enlightening lectures on the behavior of organic 

molecules.
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ABSTRACT

A working model of a liquid dye laser, utilizing a 1 x 10"  ̂mole 

solution of Rhodamine 6G in a solution of methanol, was constructed.

The output was detected with a silicon photodiode which had a calibra

tion traceable to National Bureau Of Standards. Laser action was ob

served with and without the dye flowing. Deflection of the output beam 

due to uneven heating of the dye was observed, and laser action was ob

tained with a lamp rise time longer than the theoretical maximum, indi

cating that this value is too short in the case of Rhodamine 6G.

viii



CHAPTER I

THEORY

Rhodamine 6G is an organic dye with a molecular weight of 450. 

The chemical structure is shown in Fig. (1).

CH

Fig. 1. Chemical diagram Rhodamine 6G.

The theory and operation of the liquid laser may be understood 

by reference to the energy level diagram shown in Fig. (2). In the 

figure, the vertical axis is energy, and the horizontal axis is a "crit

ical coordinate", that is, along one of the normal modes of a polyatomic 

molecule.
The shape of the Morse curves are functions of the geometry of 

the molecule and represent the potential energy of the molecule.

When the lamp is flashed the electrons in the lowest electronic 

state (ground) are excited vertically due to the Frank-Condon principle

1
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(Condon 1947) into the higher electronic states of the singlet manifold. 

The extinction curve for this process is shown in Fig. (3) which is due 

to Weber and Bass (1969). This graph also shows the fluorescence spec

trum and "mirror symmetry" which is a characteristic of the presently 

known laser dyes.

Returning to the events following ignition of the flashlamp5 we 

find internal conversion and vibrational relaxation, which are radiation- 

less transitions taking place on a time scale of ~10-llf seconds, serving 

to depopulate the upper electronic states and upper vibrational levels 

of the first excited singlet state. From this first excited singlet 

state, fluorescence takes.place to the upper levels of the ground state 

in a time equal to A-1 seconds, where A is the Einstein coefficient.

Note should be made of the fact that absorption occurred from the lowest 

vibrational level of the ground state to the upper levels of the excited 

singlet; whereas fluorescence occurred from the bottom level of the ex

cited singlet to the upper levels of the ground state. It is this fea

ture which gives rise to the Stokes shift, and to mirror symmetry when 

the vibrational spacings of the states are similar. The result is that 

the liquid laser is often called a four-level laser. Four level lasers 

decay to a state above ground that is relatively empty of population at 

room temperature; hence they have a higher efficiency.

So far, mention has not been made of the triplet state shown 

in Fig. (2). It proves to be the main source of difficulty in liquid 

lasers. The triplet state is the state in which the spin function is 

symmetric. This is the reason that the first triplet state is not



4
populated by pumping from the ground singlet, that is, the transition is 

forbidden by the spin selection rule. However, population of this level 

can be obtained through the intersystem crossing between the Si and 7% 

state. The time scale here is 1CT8 seconds. The triplet manifold can 

now absorb the laser radiation as well as depopulate the Si state. Al

though implied in the foregoing paragraph, it should be mentioned that 

it is the intersystem crossing rate which places such a fast rise time 
requirement on the light pulse from the flashlamp.

Pumping of the electrons from the ground state into the first 

excited singlet continues until the critical inversion density is reached. 

This value is given by the Schawlow and Townes (1958) formula.

8tt2tAv (1-r)
An = ---------------

A2£<i>

Where:

An = population inversion density

t = fluorescence lifetime of transition

Av = half width at half maximum of fluorescence spectrum 
(HWHM) (Fig. 3)

Tj = reflectance of back mirror

r0 = reflectance of output mirror

A = lasing wavelength

<J> = fluorescence efficiency of dye

!L = length of laser

r = / riro



5
For this laser, these values are:

9
t = 5.5 x 10" Mack (1968)

Av = 2.289 x 1013 Hz Weber and Bass (1969)

ri = 100%
r0 = 92%

X = 5900 A 

H = 13.4 cm

<J) = .9 Sorokin et al. (1968) 

r = .959 

The critical inversion is:

8 x 7T2 x 5.5 x 10"9 x 2.289 x 1013 (1-.959)
An = -----------------------------------------

(5.9 x IQ"5)2 x 13.4 x .9

4076.500 x 1012 

419.809

= 9.71 x 1012 cm'3

Operation of the laser can be described by the gain equation.

2(“-“s) AG = r1r0 e

2(a-as)«. + to (rj) + to (rQ)
= e



Where:

G = round trip gain 

r% = reflectance of back mirror 

rQ = reflectance of output mirror 

a = gain coefficient

ots = combined losses of laser

Z = length of laser

Oscillation is described by letting the round trip gain equal 1 

G = 1 

This implies:

2(ci-asU  + ^n(r1) + £n(r0) = 0.

Letting r̂  = 100% and a »  ag we have:

-£n(r0)
21

The gain coefficient is equal to: 

a = a An,

where
a = intergrated absorption cross section per atom = 3.06 x 10 

cm2 (see Appendix E)

An = difference in population between first excited singlet and 
ground state.
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The other symbols are defined on the previous page. Combining the above 

formula gives:

-£n(r0)An = ________
2oi

For values of rg ~.9, the following approximation can be used, because 

5,nr0 is small compared to 1.

&i00) r0 = e ~1 + )

£n(r0)z r0 - 1

Inserting this in the previous formula, the more familiar form is ob

tained (Maiman 1961).

An = 1 - r0
2oZ

Taking into account the fluorescence efficiency of the dye, the final 

form for determining the necessary population inversion for laser oscil

lation is:

An = 1 - r0

This is the same as the Schawlow and Townes (1958) formula, used earlier, 

when substitution is made for the integrated absorption cross section o.
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The first fluorescent photons serve to start laser action. 

Following Bass and Steinfeld (1968), the gain coefficient can be 

written in the following way, which.serves to show one of the features 

of the dye laser.

Where:

a (A) = N1Kf (A) - N0Ka (A) - (A)

Nj = population of first excited singlet 

= population of ground singlet 

= population of lowest triplet 

Kf (A) = A4nE(A) / Stt't c

K& (A) = singlet molar extinction coefficient 

(A) = triplet molar extinction coefficient 

A = wavelength 

h = index of refraction 

E (A) = fluorescence emission spectrum 

t = fluorescence lifetime 

c = speed of light

Letting = 0 for Rhodamine 6G (Sorokin et al. 1967), and at resonance 

a(A) also = 0, the above equation becomes:

NjKj (A) = N0Ka (A).
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Differentiating this equation with respect to X gives

d K_ d K
Nl --- £-  = N0  i

dX dX

Referring to Fig. (4), and using this equation, it can be seen that the 

lasing wavelength is on the long wavelength side of the fluorescence 

peak, for this is where d K^/dX is negative and of the same sign as 

d Ka/dX which is called for in the last equation. This feature was 

observed by Sorokin et al. (1967).
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CHAPTER II

DESIGN CONSIDERATIONS

A dye cell 13.4 cm long was made from pyrex tubing with an inner 

diameter of .5 cm. The ends of the cell were sealed with quartz windows 

joined to the tube with epoxy. The windows have a 4 minute wedge to re

duce multiple reflections. Entrance and exit ports for the flowing dye 

were provided by two peices of the same pyrex tubing which was used in 

the cell. These pieces of tubing were 1.27 cm long, and were sealed to 

the body of the cell on the same side, same plane and at right angles 

to the body, at a distance of .64 cm from the ends, by a glassblower.

A linear flashlamp was used as the optical pump. The flashlamp 

and the dye cell were mounted parallel to each other in a horizontal 

plane, and each .64 cm from the center axis of the cylindrical reflec

tor. The cavity reflector was a 10 cm long aluminum tubing with a 3.18 

cm outer diameter. The inside surface was polished to a mirror finish 

with a Linde A abrasive applied to a mandrel wrapped with a Blue stripe 

felt pad. Three hours were necessary to obtain a satisfactory polish.

Aluminum was chosen for the cavity reflector because of its high re-
- i .

flectivity (70% in the pump band of Rhodamine 6G), economy, and immedi- 

. ate availability.
A 1.10-1* mole solution of Rhodamine 6G in methanol was chosen for 

the dye material. At greater concentrations, concentration quenching

11
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begins to take place. This concentration quenching shows up as a dis

tortion of the absorption spectrum of the alcoholic solution of Rhoda- 

mine 6G and is due to the migration of energy to non luminescent aggre

gates (Baranova 1962).

Singlet to triplet state crossover rate is the main considera

tion in the choice of a flashlamp. * It is necessary to establish the 

necessary population inversion between the ground and first excited 

singlet state before the excited singlet state has a chance to decay to 

the first triplet state. Conventionally designed flashlamps have rise 

times3 of 2 - 4 micro seconds (ILC n.d. a) but by narrowing the discharge 

column to reduce the radial expansion of the arc column, rise times of 

.3 micro seconds can be achieved. An estimate of the maximum usable 

light pulse rise time was derived by Sorokin et al. (1968).

2t
To = -----  Oss'/eTT')l-O

Where:

= critical rise time

t = fluorescence decay time

<j) = fluorescent quantum efficiency

ess'/e:TTl = ?&tio of singlet-singlet to triplet-triplet 
molar absorptivity

Following Sorokin et al. (1968) and letting: 

x = 5.5 x 10"9 Mack (1968)

<j) = 90%
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essl̂ eTTl = ^

which are typical of Rhodamine 6G, the required rise time must be faster 

than:

2 x 5.5 x 10'9 x 10
To = ---------------

1 - .90

= 1.1 microsecond .

 __ In order to flash the lamp the simple circuit shown in Fig. (5)

was used. The commercial power supply was a John Fluke Model #410B 

which supplies 10 ma. When the lamp conducts, its resistance drops to 

the neighborhood of 1 ohm. To keep from blowing out the power supply, 

the resistor R was inserted. With 4500 volts the maximum to be drawn 

from the power supply, we have the following value for R:

4.5 x 103
R = ____________ = .5 megohms.

9 x 10"3

(-t/RCg)
The bank capacitor voltage is given by V = Vq  (1 - e )

and the capacitor is considered to be charged in 3 RCg time constants, 

or 3 x .5 x 8 = 12 seconds. This means that the laser can be fired 

about twice per minute. Assuming the maximum of 4.5 KV on the bank 

capacitor, the 8 mfd capacitor can store the following amount of energy

e b  = SsCgV2



ILC5D61.5M
A / W -

POWER
1.0MSUPPLY

Spark
GapFire

Switch

Fig. 5. Circuit diagram of lamp energy supply.
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= h 8 x 10“6(4.5 x 103) 2 

= 82 joules.

This energy is dissipated through R in 3 RC time constants or 12 seconds, 

This means that the resistor should have a power rating of at least

82 = 6.8 watts.12

The resistor string R1 + R2 divides the voltage across the bank 

capacitor down to 300 volts when at 3 KV. Therefore the resistor should 

be tapped at 4.5 x 106 x 300/3000 ohms. The voltage divider should be 

made up of a 4.05 and .45 megohm resistor. With 300 volts on the trig

ger capacitor Cj, it stores:

ET = is x .5 x 10”6 x (300)2

= 4-5 x 10"2 
2

= .023 joules.

The energy required to fire the spark gap is .01 joules. The capacitor 

Gj, reaches its charged value in 3 RC time constants:

3 x 4 x 106 x .5 x 10~6 = 6 seconds.

This is two times faster than the time required to charge the bank ca

pacitor Cg.
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In case the bank capacitor is left charged, the resistor string 

R + Rj + R2 acts as a protective device and discharges the bank in two 

minutes.

The circuit parameters of Fig. (5) have now been determined from 

the commercial power supply up to the bank capacitor which will now be 

determined. Several important factors enter into this choice. The 

damping constant for the current waveform should be from .8 to 1 to pre

vent ringing of the waveform. The rise time of the pulse which is given 

by Ac , where L is all the series inductance including stray inductance. 

The energy storage of the capacitor should be enough to establish the 

population inversion, and be less than the explosion energy of the lamp 

so that a reasonable lifetime can be expected for the lamp. Finally, 

the voltage rating of the commercially available capacitors. ILC (n.d. a) 

gives the following formula for the value of the capacitor.

4 22 E a T
C =

1/:

Where:

C = capacity in farads 

E0 = energy to lamp in joules 

T = Ac and is 1/3 pulse width and is rise time of lamp pulse 

L = total series inductance 

a = .8 circuit damping parameter 

Kq = flashlamp impedance parameter in ohms-amps^
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From ILC (n.d. b) data for flashlamps:

ExpoIsion energy for 3 y sec pulse = 152 joules for a 3 inch
lamp with 5 mm bore.

From ILC (n.d. a), the ratio of energy input/explosion energy input is

equal to .4 for a lamp lifetime of 3000 shots. The energy input E0 is:

E = .4 x 152 o

= 60 joules,

From ILC (n.d. a) data, the impedance parameter for a 3 inch x 

5 mm bore lamp = Kq = 18.3. From the previous computation based on the 

formula of Sorokin et al. (1968) the value of T = 1.1 x 10~6 seconds. 

Inserting these values in the formula for C:

C =
2 x 60 x (.8)4 x (1.1 x 10-6)2

(1.83 x 10 )

7

120 x .41 x 10"12

10.6 x 10

= 7.7 x 10'6farad.

The series inductor L in Fig. (5) can be determined from:

t = VlcH
L = T2/C
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Letting:

T = 1.1 x 10~6 

C = 7 .7 x H T 6

= Cl.i x IQ-6)2
7.7 x 10"6

= .157 p henries.

This value of inductance is the total circuit inductance in series with 

lamp and spark gap, and is small (approximately one turn of wire two 

inches in diameter). This means that the wires connecting the lamp, 

spark gap and inductor should be as short as possible.



CHAPTER III

RESULTS AND CONCLUSIONS

A 1 x 10"4 mole solution of Rhodamine 6G was made to lase in a 

Fabry -Perot "Flat-Flat" cavity which was used because of the ease with 

which it can be aligned, and the flat mirrors are easier to make and 

coat.

Laser action was obtained while the dye was flowing at the rate 

of 3 liters/hour, and without the dye flowing.

A heat induced 17 milliradian deflection of the output beam was 

seen in one case while observing the image of the pulse on a white card 

at 300 millimeters. Deflections of this size were not observed if the 

laser were allowed to cool sufficiently between pulses. This problem 

could have been lessened by using a spiral flashlamp which would have 

heated the dye more evenly.

Due to stray inductance in the wiring a rise time of 4 micro

seconds was obtained. Laser action was still obtained even though this 

is four times the theoretical maximum computed from the formula of 

Sorokin et al. (1968).

Figure (6) shows the oscilloscope trace of the laser pulse at 

18.4 joules input. Pulse FWHM is 11.4 microseconds, giving a total . 

energy of .079 millijoule. Optimization of the output reflector was 

not undertaken.
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Fig. 6. Oscilloscope trace of laser pulse.
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Fig. 7. Oscilloscope trace of lamp pulse.
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Figure (7), which is shown on page 20 of this paper, shows the 

oscilloscope trace of the lamp pulse at 18.4 joules input. A 4 micro

second rise time is indicated.



APPENDIX A

DETECTOR

An E.G.G., Inc. SGD 100A photodiode was used as the light sensi

tive element of the detector. This diode had an internal guard ring 

construction which divides the photosensitive surface into an active 

area on which the light impinges, and a guard ring area. Lower dark 

currents are achieved with this construction, because surface leakage 

is reduced. The connection to the active area cathode is denoted by A 

on the circuit diagram (see Fig. 8), while the connection to the guard 

ring cathode is denoted by G. The common anode is denoted C.

The rise time of the detector was ~4 nanoseconds, according to 

the manufacturer.

Since the pulses were on the order of microseconds in this ex

periment, the value of the load resistor is not as critical as when 

nanosecond pulses are being measured. A 47 ohm, 2 watt carbon resistor 

was chosen for the detector load, in order to give an approximate match 

to the 52 ohm output cable. However, especially in the measurement of 

nanosecond pulses, it should be remembered that any increase of the load 

resistance decreases the cutoff frequency of the diode.

22
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Fig. 8. Circuit diagram of detector.

R. =47 ohms
Diode = E.G.G. SGD100



APPENDIX B

QUALITY CONTROL

Although quality control was not a primary consideration in the 

design, the following data was easily obtained in the course of the ex

periment, and was therefore noted. A helium neon laser beam was sent 

down the axis of the dye cell. Four return images were observed on the 

front of the laser -63 centimeters away. The two brightest images were 

from the front and back surfaces of the cell window nearest the laser 

and were displaced .25 centimeters from each other. The second two were 

from the farther window, and were displaced from the first two by .12 

centimeters. Let the index of quartz be N = 1.5. Thus we have for the 

wedge in the nearest window:

25 1 1.3 x 10"3 radsx
63 2 x 1.5

1 minute ~ .3 x 10“3 fads

wedge angle ~ 4 minutes for close window

25 1 1.1 x 10“3 radsx
77 2 x 1.5

wedge angle ~ 4 minutes for far window.

- 24
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Parallelism between the front surfaces of the windows is approximately:

— '21— x   ---- = .6 x 10-3rads
77 2 x 1.5

~ 2 minutes.

These values were within the tolerances called for.



APPENDIX C

SOLUTION PREPARATION

The 10-lf mole solution of Rhodamine 6G was prepared in the fol

lowing manner. A 10 gm sample of Rhodamine.6G was purchased from Allied 

Chemical in New Jersey. The molecular weight of Rhodamine 6G is 450.

This means that to prepare a 1 mole solution, 450 grams of the dye are

to be dissolved in 1000 milliliters of methanol. To prepare a 10_It jnole

solution, .045 grams should be dissolved in 1000 milliliters of methanol.

A clean filter paper was weighed on a Mettler Chemical Balance.

A clean spatula was used to apply the Rhodamine to the paper. A reading 

was taken for the chemical and filter paper. The chemical was put into 

a Florence flask which was calibrated to 1000 ml at 20° C. The filter 

paper was again weighed, and the difference between its weight with* 

chemical and without was taken to be the weight of chemical._in thê flask.. 

Methanol was then added to the flask up to the 1000 ml calibration mark, 

paper weight .42370 grams

paper + chemical .46945 grams

paper + residue .42440 grams

Wt. in 1000 ml .0450 grams

26



APPENDIX D

DETECTOR CALIBRATION

Three filters. Coming Model #3480, #4600, and #4308 were com

bined to form a band pass filter. The transmission of this filter was 

measured on a Perkin-Elmer Model 450 Spectrophotometer, and is given in 

column 1 of Table (1).

The filter was placed in front of the 47 mm focal length lens 

which forms part of the detector. The detector and filter were placed 

81 cm from a 50 watt quartz-iodide lamp which as calibrated by the Na

tional Bureau of Standards. The number of y watts/cm2 x 10 X at 40 cm 

was taken from the supplied graph and is shown in column 2 of Table (1).

The product of lamp and filter is given in column 3 of Table (1)

Integration by the trapezoidal rule gives the total irradiance 

at 40 cm.

r
= £ (0 + 2 x 1.660 + 0)

2

= 8.330

At 81 cm, this is:

y watts 
cm2

8.330 x ( 40 )2 = 2.03 y WattS-- .
81 cm2

27



Table 1. Computational Data

5 = 1.660 (column 3)
£ = 1.1513 (column 5)

X (nm) T y yw (l)x(2) R TXIXR
cm2 • 10&

560 .000 3.5 .000 .635 .0000
565 .010 3.64 .0364 .645 .0237
570 .038 3.75 .1425 .655 .0938
575 .055 3.87 .2129 .665 .1413
580 .060 4.00 .2400 .675 .1620
585 .055 4.10 .2255 .685 .1538
590 .045 4.20 .1890 .695 .1315
595 .035 4.32 .1512 .705 .1063
600 .028 4.40 .1232 .715 .0880
605 .022 4.53 .0997 .723 .0720
610 .016 4.66 .0746 .730 .0545
615 .012 4.77 .0572 .740 .0425
620 .008 4.90 .0392 .748 .0294
625 .006 5.00 .0300 .758 .0225
630 .005 5.10 .0255 .765 .0199
635 .0025 5.22 .0131 .772 .0101
640 .000 5.30 .0000 .780 .0000

to00
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On 3.88 cm2, the detector aperture, this is:

2.03 x 3.88 = 7.85 x 10~6 watts.

This value is within 5.5% of the value obtained With Eppley 

Thermopile, Serial Number 8838.

In order to take into account the responsivity of the SGD 100 

diode, the manufacturer’s curve of responsivity as percent of peak ver

sus- wavelength was used. It is shown in column 4 of Table (1). The 

product of filter, irradiance and responsivity is shown in column 5 of 

Table (1).

An effective irradiance at 40 cm is obtained by trapezoidal inte

gration :

f 5 , v= - (0 + 2 x 1.1513 +0)
J :

= 5.757 x 10~6 effective HEH. o
• cm2

At 81 cm, this becomes 5.75 x 10"6 Gxt)2 = 1.41 x 10~6 effective Wat^S .81 cm2
On 3.88 cm2, the diode aperture, this becomes:

1.41 x 10~6 x 3.88 = 5.45 x 10“6 effective watts.

This power on the lens, generates 1,8 x 10“  ̂volts. The sensi

tivity of the detector is:

5.45 x 10~6 watts-------- —  = 3.03 x IQ-2   .
1.8 x 10“4 volt



A .7% filter was introduced into the optical path to reduce the

■ — 4. 3  — — —  .

7 x 10"3 volts

The following is included in the estimate of accuracy:

HP425A (3% full scale on 1 mu f.s.) . . . . . . . . . . . . . .  ± 16.6%

Filter transmission  .............   . ............... ± 2.0%

Wavelength difference between filter combination
peak and laser wavelength......................... ± 5.0%

.7% filter . . . . . . . . ....... . ± 2.0%

Interpolation . . . .  ..................  ................  ±10.0%

Accuracy Estimate = /  (.166)2 + (.02)2 + (,05)2 + (.02)2 + (.10)2

= ± 20.2%

To obtain the peak power in the laser pulse, the peak voltage 

is measured on the picture of the oscilloscope trace (see Fig. 7) and

= ± 20.2%

the pulse.

1.6 x 4.3 = 6.9 watts

The energy in the pulse is the area under the curve of the 

pulse, and is given by the product of the peak power and the full



width at half maximum of the pulse:

6.9 x 11.4 x ICT6 = 79 xTO-6 joules.



APPENDIX E

INTEGRATED ABSORPTION CROSS SECTION DETERMINATION

From Fig. (3), the molar extinction coefficient has a value of 

80000 at peak. The molar absorption coefficient is:

a = 80000 x 2.303 = 18.424 x 104 cm"1/mole/liter.

This becomes: (since 450 grams/1000 cm3 = 1 mole/liter)

18.424 x 104 cm-1 1a x
450 grams/1000 cm3 6.025 x 1023 molecules/450 grams

This gives:

a = 3.055 x 10"16 cm2
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