1

Frequency Standard Using Single Indium Ions

Carolyn Evans

University of Washington REU Program, Seattle Washington

August 1999

This paper will discuss the temperature stabilization of a Fabry - P erot cavity. This cavitywill be used to frequency stabilize a laser that will be used to search for the 5s 2 1 S

0

® 5s5p 3 P

0

indiumclock transition. The temperature stabilization process included insulating the cavityand building a temperature control circuit. The equilibrium stabilization was well within a milliKe lvin deviation fromthe desired temperature if the cavitywas undisturbed.

I. INTRODUCTION

An accurate time and frequencystandard is a requirement of manyprecise physical experiments. Although there are atomic clocks in use which are quite accurate, there is a need for more accuracyfor some applications. T he proposed indiumatomic clock has the potential to be accurate to 10 - 17 seconds, which is an improvement over current atomic clocks. For the clock to be this accurate, it will need to be vibrat ionallyisolated . T his isolation would be easier to accomplish in space. Also many possible applications of such an accurate clock could be performed in space. T hese applications include extremely precise measurements of gravitational red shift and precis e timing of pulses frombinaryand millisecond pulsars.

In order to implement an indiumatomic clock, two stages must be completed. First, an indiumion must be trapped and cooled to eliminate its motion. Second, a "flywheel"

(or intrinsicallystable) o scillator (in this case a laser) must be locked to the clock transition of the ion. T he first stage has been completed and mywork this summer has been on the second stage, working to have an intrinsically stable clock laser. T his stage has two parts as well. First, it is necessaryto frequencystabilize the laser to a bandwidth of less than 25 kHz. T he laser will then be used to probe the indiumion to find the clock transition.

T he bandwidth of the laser at this stage will be larger than it will be f or the frequencystandard and it will be much more powerful, which will facilitate finding the narrow clock transition. After the general area of the transition is found, the laser will be stabilized to a 1 Hz bandwidth. It will then be able to be used t o find the exact clock transition.

II. ATOM IC CLOCKS

In an atomic clock, an oscillating electric field is locked to a transition in an atom. T his leads to long - term stabilityof the frequencyof the oscillator, which can be a frequencystandard. If thi s frequencyis then counted, it can be used as a time standard, or a clock. T he accuracy

of the frequencystandard, and therefore of the clock is determined bythe width of the atomic transition to which the laser is locked: the narrower the transition, the more accurate the clock. T he width of the band of frequencies emitted froma given transition is called the linewidth of the transition. Because of the Heisenburg uncertainty principle, the following relationship exists.

p t n

2

1

) )( ( = D

Here t he natural linewidth is D n and the lifetime of the

transition is t . Fromthis we can see that the longer the

lifetime, the smaller the natural linewidth.

However, if the atoms are in motion, there is a Doppler

shift of the absorption and emission leading to a

broadening of the linewidth. Because the Doppler width

is proportional to the velocityof the atoms, reducing their

motion narrows this width. T rapping and laser cooling

can be used to eliminate the motion of the atoms so there

is no first order D oppler broadening.

III. TRAPPING

In this experiment, the indiumion is trapped in a Paul -

Straubel trap, which is a variant of a Paul trap.

A Paul trap uses a radio frequency, ac voltage on a

hyperboloid of revolution ring and two hyperbolic end

caps, to create a quadrupole potential in the trap.

Although a static electric field alone cannot create a

potential well, the ac voltage creates an average force,

pushing the ion to the center of the trap. T he time

average force is caused bywhat is called th e

pseudopotential. T he pseudopotential has a well in the

center of the trap in which an ion can be trapped.

In a Paul - Straubel trap, the endcaps are moved to infinity.

T his causes the trap to onlyapproximate the quadrupole

potential of a Paul trap, b ut the approximation at the

center of the trap is verygood, and the ion stays verynear

the center of the trap. In an ideal Paul - Straubel trap, the ring is still a hyperboloid of revolution, but in actuality,

several ring geometries approximate a quadrup ole

potential. T he trap that is used in this experiment is

simplytwo wires twisted together to make a ring in the

middle. T he trap is not perfectlysymmetric bydesign

because this leads to oscillations of the atombeing non -

degenerate in the three dire ctions, x, y, and z. In other

words, the trapped ion will oscillate in the three degrees

of freedomindependently, while staying veryclose to the

center of the trap.

IV. LASER COOLING

Although the ion is trapped in the Paul - Straubel trap, it is

still oscillating in all three dimensions. T hese oscillations

are small, but in order to narrowthe Doppler width of the

clock transition, the atom must be cooled to essentially

eliminate them. T his is done bylaser cooling the ion.

T o cool an atom, a lase r excites an atomic transition in the

atom. T he laser is red de - tuned so that the atomonlysees

the frequencynecessaryto excite the transition when it is

moving toward the laser. After absorbing a photon, the

atomre - emits one , but this emission is in random

directions ; therefore , it does not affect the net motion.

T he effect of the entire process is to slowdown the atom.

Often several lasers are used to cool an atom, one for each

degree of freedom . B u t , if the trap is designed so that the

ion’s oscillations in each dimension are different, then

onlyone laser is needed. T his laser must have a

component of momentumin the direction of each degree

of freedom . T hen whichever waythe ion is moving, it

will see a portion of the laser beamtraveling a nti - parallel

to its direction and this portion will slowdown the ion.

Since the oscillations of the atomare harmonic, onlyone

direction of cooling will cause the entire oscillation in

each degree of freedomto be decreased.

V. WHY INDIUM ?

T here are s everal reasons whyIndiumis a good choice for

an atomin an atomic clock. T hese reasons deal with the

energylevel structure of the valence electrons. T he outer

shell of Indiumhas two s electrons and one p electron.

T he p electron is stripped off leavi ng a positive ion with

two electrons having the same quantumstate with the

exception of their spins. T his configuration leads to an

integral spin angular momentum, and therefore, an

integral total angular momentum. When one of the 5s

electrons is excited to the 5p level, there are two choices

for the spi n angular momentum(S). Either the spins will

be in different directions, leading to an S value of zero, or

theywill be in the same direction , leading to an S value of one. T hese two states are called s inglet and triplet states

respectively. In the triplet state, the total angular

momentum(J) can varyfrom|L - S|to L+S. T his will

lead to J values of zero, one and two. Also, the ground

state has zero total angular momentum. T his means that

there is a possible transition between two J=0 states, 5s 2

1 S

0

® 5s5p 3 P

0

(See Fig. 1). T his type of transition is

usuallyforbidden, but because of the coupling between

the nuclear spin angular momentumand the total angular

momentumof the electron, the transition is allowed . B ut ,

it has a lifetime of 140 ms. T his transition is the proposed

clock transition.

T here are several advantages to having a J=0 to J=0

transition. First, there is no electronic Zeeman shift when

the ion is placed in a magnetic field. Also , there is no

quadrupole moment that would interact with the electric

field gradients present in the Paul - Straubel trap. And, as

mentioned above, the metastable nature of the transition

leads to a long lifetime so the natural linewidth is very

narrow, mak ing it a perfect candidate for a clock

transition.

It is also necessaryto have a strong transition that can be

used to cool the ion. T he 5s 2 1 S

0

® 5s5p 3 P

1 is such a

transition. It has a short lifetime ( t =.44 m s) and it is strong

enough to be used for co oling.

In addition to having these transitions, it is necessaryto

have lasers that can excite them. T he wavelengths are

236.5 nmfor the clock transition and 230.6 nmfor the

cooling transition. Both of these wavelengths are

available with current te chnology.

Finally, both the cooling transition and the clock

transition have the same ground state, so the electron

3 P

1

3 P

0

5s5p 1 P

1

5s5p 3 P

2

159 nm

Clock

Transition

236.5 nm

Cooling

Transition

230.6 nm

5s 2 1 S

0

FIG.1. In + energylevel diagram.

shelving technique can be used to detect when the clock

transition has been excited. In the electron shelving

technique, the florescence fromthe cooling transition is

detected. T hen, when an electron is excited to the

metastable 3 P

0 state, the florescence fromthe 3 P

1 state

stops. T his is because with an electron excited to the

metastable state, the atomcannot be excited to the 3 P

1

stat e until the metastable state decays to the ground state.

T his technique causes almost all of the clock transitions to

be detected, greatlyamplifying the signal over

conventional florescence detection methods.

VI. LOCKING THE LASER

T he ion is trapp ed and cooled so located at the center of

the trap and is practicallymotionless . T he clock laser is

then pulsed twice .

T he probabilityof the atombeing in

the excited state then has a peak at w = w

0

. Omega is the

laser frequencyand omega naught is the fr equencyof the

atomic transition. If the frequencyof the laser is shifted

fromone side of this peak to the other, an error signal will

be generated whic h can then be fed back to the laser .

T his error signal can then be used to lock the laser to the

frequencyof the atomic transition.

VII. "FLYWHEEL" LASER

T he indiumclock transition has a verynarrowlinewidth

because of its long lifetime. T he lifetime of the transition

is 140 ms and this leads to a natural linewidth of about

1Hz. Because of th e narrowtransition, the laser that

excites it must be tunable and verystable. T he laser can

onlyinterrogate the ion about once a lifetime, so the laser

must have short - termintrinsic frequencystabilityso it

does not wander awayfromthe transition between

interrogations. T his is often called a ^flywheel~ laser.

VIII. FREQUENCY STABILIZATION

One common method of frequencystabilization is locking

an oscil lator to a resonator. T he Pound - Drever method is

one wayof doing this; it involves locking the laser to a

Fabry - Perot cavity.

A Fabry - Perot cavityconsists of two mirrors. Usually

these are spherical mirrors separated bya distance L (See

Fig. 2). We used a cavitywith one spherical mirror and

one flat mirror. T his type of cavityhas the same

transverse mode properties as a spherical cavitywith

mirror separation 2L. In a Fabry - Perot cavity, the outer

faces of the mirrors are mostlytransmitting an d the inner

faces are mostlyreflecting. If a half - integer number of

wavelengths of the incident light fit inside the cavity, the

cavityis said to be in resonance and light builds up inside it. When the cavityis in resonance, there are transmission

pea ks at frequencies of L2/ n mc = n . Here, m is an

integer, n is the index of refraction inside the cavity, and c

is the speed of light. T he peaks are separated

by L2/ n c

FSR

= D n which is called the free - spectral range

of the cavity. T h e finesse of the cavityis

) 1 /( F R R - = p , where R is the reflectivityof the

mirrors. T he higher the finesse, the narrower the

resonance peaks. T he width of the peaks (full width at

half maximum) is

F /

FSR FWHM n n D = D .

In the Pound - Dreve r method, the laser light is locked to

the resonance of the Fabry - Perot so that a half integer

number of wavelengths fit into the length of the cavity.

For this to be a good method of frequencystabilization,

the length of the cavitymust be constant. Ot herwise,

length changes will translate to frequencychanges in the

laser. T o prevent changes in length, the mirrors of the

cavityin this experiment are separated bya spacer made

of Invar steel with a change in length per unit length of:

Still, the temp erature of the cavitymust be regulated to

within a milliKelvin to prevent almost all thermal

expansion. A milliKelvin temperature change

corresponds to a change in frequencyper unit frequency

( D f/f) of 10 - 9 . Also, the cavitymust be isolated from

vibrat ions in the lab.

IX. TEM PERATURE STABILIZATION

Mypart of the project was to help design and build a

temperature regulating circuit and to insulate the Fabry -

Perot cavity. T he circuit I built is shown in Figure 5. T he

part on the far left of the circui t is a bridge. T he 23k W

thermistor labeled T HERM is attached with thermal

epoxyto the heater, which is around the cavity. T he

20k W reference resistor labeled R10 is insulated so its

resistance does not change when the temperature of the

roomchanges. W hen the resistance of both branches of

the bridge is identical, the voltage at the two nodes is also

.

C

10

o

6 -

=

D

l l

Input Output

L

FIG. 2. Fabry - P erot Cavity.

the same. T his causes the output of op - amp U1 to be

zero, and the heater’s output is not changed. But, if the

reference resistor has a lower resistance t han the

thermistor, the heater output is increased. At room

temperature the thermistor has a higher resistance than the

reference resistor, so at equi libriumthe heater is turned

on, and the cavityis kept slightlyabove room

temperature.

T he .01 m F capac itor (C1) and the 1M W resistor (R2)

cause the gain to roll off at the angular frequency

w =1/RC. T his corresponds to a frequencyof 15.9 Hz.

T his filters out fast signals which is beneficial because

theyare likelyto be caused bynoise as opposed to actu al

temperature changes in the cavity.

T he output of op - amp U1 is then connected directlyto the

error monitor op amp labeled U6. T his is used to see the

output of the first op amp without changing the voltage at

that output. T he error signal was calibra ted to give a 3

Volt signal for everydegree Kelvin of temperature change

of the thermistor.

T he second thermistor (REF T HERM), shown belowthe

bridge, is placed on the end of the cavity, a more exposed

part than the first. T he output of the op - amp U5 th en is a

measure of the lower bound of the temperature

stabilization. Fromit, it is possible to tell the maximum

that the temperature is changing in the cavity.

T he rest of the circuit is the output stage. T he two 10k W

resistors drop the voltage from the output of U1 to half ,

which causes an immediate change at the output of U2.

T he 2.2 m F capacitor (C2) and the 2.2 M W resistor (R6)

act as an integrator. T his causes the output of the op amp

to change at frequencies under w =1/RC, leading to a high

ga in for DC and verylowfrequencysignals. T he 20k W

resistor and the 10 m F capacitor add in some gain at higher

frequencies.

Next, the transistors are in a Darlington configuration

because op - amp U2 cannot provide enough current to turn

on transistor Q 2, a power transistor. T herefore, the first

transistor (Q1) amplifies the current at the output of the

op - amp so the power transistor can be turned on. T he

output of the Darlington is then attached to the heater.

T he diode is connected between the input to the heater

and ground to prevent burning out the power transistor by

not allowing the emitter to drop significantlybelow

ground as it could for an inductive load.

Finally, op - amp U7 monitors the output to the heater.

T he circuit was tested using a metal bar wrapped in heater

wire and placed in a box of foampeanuts. T he results

fromthis test are shown in Figure 3.

After the circuit was tested, the next step was to insulate

the cavity. T o do this I used the lathe to machine foam

insulation into a cylindrical tube with one end closed.

T he cavitythen fit inside this tube. A 50 W heater , made

of heater wire attached with thermal epoxyto a thin sheet

of copper , surrounded the cavity. T he insulation and

cavitywere then placed inside a PVC pipe , and nylon end

caps were placed on the ends of the pipe . T his provided

added insulation and protection for the foam. T he

insulation led to a temperature stabilization of the cavity

to about 1/5 of a milliKelvin if the PVC pipe was not

touched. T ouching the PVC caused the temperature to

rise a fewmilliKelvin. Figure 4 shows the error data from

the stabilized cavity. T he peaks are when the PVC was

touched.

X. VIBRATION ISOLATION

It is also necessaryfor the cavityto be isolated as much as

possible from the vibrations in the lab. T o accomplish

5 this, the cavitywill be built on an aluminumbreadboard

and then suspended byweak springs. T he breadboard can

be suspended fromthe ceiling or fromposts standing on

the floor or table.

Because the cavit ywill be suspended, it is necessaryto

couple the light into the cavityusing an optical fiber.

Otherwise, as the table vibrated and the cavitydid not, the

laser would lose lock to the cavity. Also, the fiber and all

the wires connected to the cavity are required to be limp

to decrease vibrational coupling.

XI. THE FUTURE

In the near future, the laser will be locked to the Fabry -

Perot cavityand the cavitywill be suspended for vibration

isolation.

After this occurs, the search for the frequency of the clock

transition will begin. After the general location is found, the laser will be locked to a higher finesse cavitythat will

cause the laser to have a stabilityof about 1Hz. T he laser

can then be locked to the clock transition in Indium

leadin g to a frequencystandard.

After the frequencystandard is realized, it will be

necessaryto implement a method for counting the

oscillations to create a clock. T he technologyneeded to

count ultraviolet oscillations directlyis not currently

available, so this will be another goal of future research.

However, a frequencystandard of this unprecedented

accuracycould find use in manysensitive measurements.

ACKNOWLEDGEM ENTS

I thank myadvisors Warren Nagourneyand Justin

T orgerson, Bryan Venema for hi s help with the

electronics, and Scott Bergeson for his help with

background information.

FIG. 5. Schemati c of the temperature control circuit.

6

BIBLIOGRAPHY

An, Kyungwon, Changhuei Yang, Ramachandra R. Dasari, Michael S. Feld, "Cavityring - down technique and its

applications to the measurement of ultraslowvelocities," Optics Letters , 1068 - 1070, May1, 1995.

Bergquist, J.C., Wayne M. Itano, D.J. Wineland, "Laser Stabilization to a Single Ion,~ Unpublished Conference

Report.

Boyd, R.A., J.L. Bliss, K.G. Libbrecht, "T eaching Physics with 670 - nmdiode lasers -- experiments with Fabry - Perot

cavities," American Journal of Physics , 1109 - 1116, September 1996.

Burt, Eric A. Demonstration of T rapped Single Laser Cooled IndiumIons , Universityof Washingtion, Seattle, 1995.

Drever, R.W.P, J.L. Hall, F.V. Kowalski, et al. "Laser Phase and FrequencyStabilization Using an Optical

Resonator," Applied Physics B , 97 - 105, Vol. 31, 1983.

Ghosh, Pradip K., Ion T raps , 1 - 47, Clarendon Press, Oxford, 1995.

Nagourney, W., J. T orgerson, H.G. Dehmelt, "IndiumMono - Ion FrequencyStandard: Prelude to Spectroscopy,~

Unpublished Progress Report, Universityof Washington, Seattle.

Nagourney, W., J. T orgerson, H.G. Dehmelt, "IndiumMono - Ion FrequencyStandard: Progress Report 1999,"

Unpublished, Universityof Washington, Seattle.

Nagourney, W., J. T orgerson, H.G. Dehmelt, "Optical FrequencyStandard Using Single IndiumI ons: Clock Laser

Development," Unpublished Progress Report, Universityof Washington. Seattle.

Nagourney, W., H.G. Dehmelt, "Optical FrequcnyStandard Using Individual IndiumIons," Unpublished Progress

Report, Universityof Washington, Seattle.

Nagourn ey, Warren, "Progress Report on Single IndiumIon T rapping Work," Unpublished, Universityof

Washington, Seattle.

Nagourney, W, H. G. Dehmelt, ^Ultrahigh Resolution Optical FrequencyStandard Using Individual IndiumIons,

Qualified for Operation in Space, ~ Unpublished Research Grant Proposal, March 1997, Universityof Washington,

Seattle.

Peik, E., G. Holleman, and H. Walther, "Laser cooling and quantumjumps of a single indiumion," Physical Review

A , 402 - 408, January1994.

Ramsey, Norman, Molecular Beams , Clarendon Press, Oxford, 1956 .

T orgerson, J.R., W. Nagourney, "Solid - state, narrow - band, widely - tunable, ultraviolet laser," Submitted to Review

of Scientific Instruments .

Young, B.C, F.C. Cruz, W.M. Itano, and J.C.Bergquist, "Visible Laswers with subherz linewidths," Submitted to

Phys ical ReviewLetters , January1999.

Zhu, Miao, John H. Hall, "Stabilization of optical phase/frequencyof a laser syster: application to a comercial dye

laser with an external stabilizer," Journal of the Optical Societyof America , 802 - 815, May5, 1993.