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Abstract: The number of stored Ca* 10ns in an ion trap was
measured optically by utilizing the metastable states. All the
ions trapped are first pumped into the metastable /) states. The
ions in the metastable I states are transferred to the ground
S state via the P state by exciting a [)— P transition. Each
ion then emits one photon through a subsequent /’— S spon-
taneous emission. Thus, the number of photons is the same as
the number of trapped ions initially in the metastable states.
If a known fraction of ions are pumped into the metastable
states. the total number of ions is determined by counting the
photons with a known detection efficiency.

1 Introduction

In many ion trap experiments, it is of importance to know the
number of trapped ions non-destructively. It 1s, however, not
so easy to count the ions reliably and only a few, sometimes
ambiguous, methods have been used so far. When a large num-
ber of ions are trapped in an ion trap. a rf resonance absorp-
tion method is normally used for the measurement of the num-
ber of trapped ions [1--3]. A signal of the collective motion of
the trapped ions is detected electrically under proper condi-
tions. The sensitivity and the accuracy of the method, how-
ever, are not so high because it requires the measurement of
a small induced current between endcap electrodes which is
often masked by noise from the driving rf field and the signal
height and shape depends critically on the proper tuning of the
amplifier circuits.

In laser spectroscopy of trapped 1ons, the intensity of the
laser induced fluorescence can be used to estimate the number
of stored ions. Actually, a small number of laser cooled ions is
really countable by detecting discrete decay or stepwise cool-
ing of the laser-cooled ions [4]}. In the case of an ion cloud,
one must know the mean excitation rate for the whole ensem-
ble of stored ions to estimate the number. Itis, however, not so
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simple to estimate the excitation rate, because one must nor-
mally assume several ambiguous parameters, such as the tem-
perature of the ion cloud, the power and the diameter of the
laser beam at the trap region and the fraction of ions irradiated.
These parameters depend upon the experimental conditions.

In the present paper, we propose a new method to reliably
count the number of ions in an ion trap.

2 Principle

Someions, suchas Ca*, Ba* and Sr*, have metastable 1) states
from which /> states can be accessed by E1 allowed optical
transitions. For these ions, we can count the number of trapped
ions by employing the one to one correspondence of emitted
photons to trapped ions when we utilize metastable states. We
use a UV pumping laser to excite the S— I’ transition and
two IR lasers to excite the 12— P transitions (See Fig. 1). The
method works as follows. We firstly excite the S—/’ transi-
tion while the IR lasers are turned off for the optical pumping
of all the trapped ions into the /) states. Then, we excite the
1) = P transitions by the IR lasers. At this moment, a prompt
increase of the fluorescence intensity occurs because each ion,
quickly excited from the D) states, emits one photon due to
the spontaneous emission from the /> to the 5 state. Since one
UV photon corresponds to one ion, the total number of trapped
ions, N, can be derived as

N
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where Ny is the number of detected photons in the prompt
signal of the fluorescence and ¢ is the detection efficiency.

If there is a relaxation of the D states to the ground state
due to gas collisions, the method should be modified. In this
case, complete optical pumping of the stored ions to the 1)
states is not attained. We need, therefore, to know the popu-
lation extent pp, of ions pumped in the /) states to estimate
the number of ions, then
NNEACTS (2)
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To explain the modified method, we take the three level sys-
tem, in which the population extent py, is given as
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Fig. 1. Encrgy diagram of *°Ca* ion.
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where Ay, [y and ;s are the spontaneous emission rate, the

excitation rate and the relaxation rate, respectively and the

suffixes i and f denote the initial- and final-state, respectively.

pp can be estimated experimentally as follows. We measure

fluorescence intensities at two different equilibrium conditions;,
!, when all the lasers are turned on and /, when the IR laser

is turned off. The approximate value of pp, which becomes

accurate when pumping rate is high, is given as a ratio, 5, of

the measured intensities as shown in the following formula.
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If the excitation rate ['pp is much higher than the relaxation
rate 4. the correction factor 4 is derived from the above
equations as

5= IDS

o (5)
These parameters can be measured in the following way. Since
the detected photon count Ny is proportional to the number
of ions in the [ state, yps corresponds to the decay constant
of the variation of Ngy as a function of the time interval be-
tween the pumping laser off and the IR laser on. Once vp s is
measured, the excitation rate ['sp is also obtained. Since the
stationary fluorescence intensity /, in the usual condition is
given as

]u = (1'5[>1V, (6)

I's p 1s derived using (2-5) as

Fap = [117]/[\"ch — YDS- (1)

Consequently, we can obtain the number of ions even in cases

where not all the ions are pumped into the metastable states.
In the four level system where ions are pumped into the /)

states via the Sy 2 — Pyya transition, we can also use the above

results in the following way: 1) When we pump ions into one
of the D states, the population extent of the pumped /1) state
becomes smaller due to the collisional fine structure mixing.
However, (5-7) can be used to estimate the correction factor.
2) When ions are pumped into both ) states, we can treat the
1) states as one state. The mean relaxation rate of both states
substitutes for the v 5 in the estimate of the correction factor.
Aslong as the assumption of I'pp > vns is valid, we can de-
duce the population extent pp by using (5-7). In the measure-
ment of the ratio 7, we should be careful of the coherent effect
in the four level or three level system, the so called dark res-
onance which can reduce the fluorescence intensity [5, 6]. It
can be avoided by making a slight misalignment and a proper
detuning of the lasers.

One can deduce the mean excitation rate, /s p, from the
measurement of the decay rate of the fluorescence after turn-
ing the IR laser off. The decay curve of the fluorescence in-
tensity is described as

I x Crexp(—=A )+ Chrexp(—A_1) + % (8)

and the two decay rates ), (fast) and A_(slow) are given as

a Vo

Ay = 5 + 5 « 4b,
where (/| ; are constants determined by the initial conditions,
a=~ps + Aps + App + I'sp, b= Applsp +ypsClps +
App + 'spyand ¢ = yps s p. The fast component A, is the
order of the spontaneous decay rate of the /” state, since the
population of the /P state decreases after turning off the D— P
excitation. The slow component A_ cofresponds to the pump-
ing rate from the S state to the IJ states. Inserting the mea-
sured decay constant A _, vps and known transition probabil-
ities [7] to (9), I'sp is obtained. From I'sp, we can also es-
timate the total number of ions with the measured stationary
fluorescence intensity /, by using (6). This alternative way to
determine /s p is, however, not so reliable since it requires the
knowledge of many parameters and is obtained as the small
difference of large quantities, which are of the same order of
magnitude.

9

3 Experimental apparatus

The experimental setup is as follows. A linear rf trap, which
consists of three sections, each made from four separated cylin-
drical rods each with a diameter of 6 mm, was used to store
Ca* ions. The closest distance 27, between diagonal electrodes
was 5.22 mm. The tf frequency was 8 MHz and the ampli-
tude was 204 V. We also applied a DC voltage of 7-15 V to
the two end sections. The Ca* ions were produced by focus-
ing a Nd:YAG pulsed laser beam on a metallic calcium target
placed at one side of the trap. The peak power of the beam on
the target was estimated to be more than 10° W/em?, which
enabled us to easily prepare a laser ablated plasma consisting
of Ca* ions in the trap.

To excite the Syy2— P32 transition of Ca* ions, we used
393 nm UV laser light which was generated by intracavity sec-
ond harmonic generation using an angle tuned LilO3 crystal
in a Ti-Sapphire ring laser (Coherent 899-21) pumped by an
Ar* ion laser (Coherent Innova 300, 10 W). The linewidth of



the UV laser is less than | MHz and the maximum power is
about 2 mW. To excite the /J-- I’ transitions. we used two
laser diodes (LD, Spectra Diode Lab.. SDIL.-5400). The power
of LD’s with a linewidth of about 30 MHz is typically 10
mW. By using two mechanical shutters. we can generate a
laser beam pulse with a variable width and provide the neces-
sary pulse sequence for the measurements. All the laser beams
were merged by a half mirror and a dichroic mirror and were
sent into the trap chamber through a glass window. The cham

ber was evacuated to less than 10~ Pa by a turbo molecu-
lar pump backed by a rotary pump. For bufter gas cooling ot
trapped ions, we introduced helium gas to the vacuum cham-
ber from the fore vacuum side of the turbo molecular pump
in order to reduce impurities. The fluorescence from the ions.
focused by two lenses which were mounted inside the cham-
ber and a camera lens (Nikon 28 mm {/2.¥), was detected by a
position sensitive photon counting system (Hamamatsu PIAS-
TI). An interference filter with 33% transmittance at 393 nm
was inserted in front of the camera lens to detect only 393 nm
UV photons. We also inserted a neutral density (ND) filter, in
some cases, for decreasing the detection efficiency in order to
avoid a pile-up effect in the detector.

4 Experimental results

The method of counting trapped i1ons has been tested in the

case of Ca* ions. The Ca* ion has the excited I°,(/ = 1/2,3/2)

states and the metastable D,(J = 3/2.5/2) states near the
ground 5|/, state as illustrated in Fig. 1. The /) states have
long lifetimes of about 1 second {8-10]. Figure 2 shows the
time spectrum of the fluorescence. In the period A, the UV
pumping laser (393 nm) and two IR (850. 854 nm) lasers were
turned on and tuned to the resonance and the stationary inten-
sity of UV fluorescence /, was observed. In the period B, one
of the IR lasers was detuned far from the resonance. Then, a
fraction of ions was pumped into the metastable /), state.
As a result, the fluorescence intensity decreased to /. At the
end of period B, the IR laser was tuned on the resonance again,
then, a prompt increase of the fluorescence intensity was ob-
served as a spike peak due to the [s;>— f%,, excitation of
ions in the Ds,» state. The number of emitted UV photons at
the moment of the prompt increase is the same as the number
of ions in the s, state.

The number of detected photons accumulated for 100 cy-
cles of measurements was 322442 and the intensity ratio »
was 66+2%. The error is mainly due to the background count.
The relaxation rate of the Ds;, was assumed to be of the or-
der of 1 Hz under our experimental conditions [8]. The exci-
tation rate I'sp of (8.8+1.1)x 107 Hz was deduced from the
detected couats in the spike peak and the relaxation rate v«
by using (7). The correction factor § is estimated as less than
0.005, which allowed to take p; = 1. The result gives the
total number of ions N to (4.94+0.6)/«, where ¢ is the detec-
tion efficiency. The detection efficiency, which was estimated
from the geometry of the detection system, transmittance of
the optical elements and the quantum efficiency of the detec-
tor, was 3x 10~* for this setup. Then the absolute number was
obtained to be 1.6x 10*. The intensities of the laser radiations
were about 3 W for the UV and 10 mW for the IR laser
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Fig. 2. Fluorescence intensily as a function of time showing the present
method in the case of a weak UV taser (3 ¢ W). The fluorescence spike at the
moment when the IR laser is tuned on indicates the number of ions in the trap
(For details, sce text).
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Fig. 3. Time scquence of the experiments shown in Fig. 4. The periods given
i the figure are typical values.

We also performed an improved measurement in which
a very high signal-to-noise ratio was attained. The time se-
quence of the method is shown in Fig. 3. The key point of
the improvement is to stop the UV laser when we observe the
prompt increase of the fluorescence. Origins of the noise in the
previous experiment were stray photons from the UV laser,
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Fig. 4. Typical result for the improved measurement accumulated for 80 cy-
cles

counts for 80 cycles

1200



fluorescence from ions in the ground state and dark count of
the detector. The first two, which are 1n fact the dominant ones,
can be suppressed completely by blocking the UV laser at the
moment of turning the IR lasers on. The experimental result
is shown in Fig. 4. Since the background count rate due to the
noise became zero. we could increase the UV laser power to
about 180 ;W in order to pump all the trapped ions into both
D states (pp = 1). We had to take care of a pile-up effect at the
moment of the spike peak, since the detection efficiency and
the capacity of ions for the new setup was higher than previ-
ously and the dead-time of the detector was about 10 ps. The
power of the IR lasers was decreased to about 0.9 mW and.,
when necessary, an ND filter was inserted to the optical de-
tection system. The channel-advance time of the data acqui-
sition system (a multi-channe! scaler) was also shortened to
resolve the structure of the spike peak. Consequently, the ob-
served time spectrum of the spike peak was not prompt but
exponentially delayed. The round rising edge indicated a slow
response of the mechanical shutter. We also take into account
the relaxation of pumped ions in the metastable /) states to
the ground state due to gas collisions [8.9, 11} during delay
time of 1.5 ms time interval between turning the UV laser off
and IR lasers on, which was necessary to avoid overlapping of
the noise to the spike peaks. The relaxation rate of about 2 Hz,
according to our decay rate measurement under the same con-
ditions, means the loss of ions in the /) states during the pe-
riod of 1.5 ms was less than 0.3%. The sum of the detected UV
photons was 700126 counts after 80 cycles of measurements
The total number of ions was NV = (8.754+0.35)/c. The esti-
mated detection efficiency with the ND filter in the new setup
was 3% 10~* which gives the absolute number of ions as N
= 3% 10*. The uncertainty of the detection efficiency may be
of the order of 30 %. In comparing ion numbers under differ
ent conditions, however, this factor cancels and ratios of ion
numbers are much more accurate

In some particular cases, we should be careful with the fine
structure mixing effect due to buffer gas collisions. It may be-
come serious when we pump into only one metastable state
(D37,) using UV excitation of the 5y;>— Py /- transition in-
stead of the S12- » Py/2. In order to show this effect, we per
formed an experiment as shown in Fig 5. In this measure-
ment, the experimental condition was the same as previously
but only one IR laser (854 nm, Dsa -+/%,,) was used. The
time spectrum shows a slow decay component as well as a
prompt one. This slow part was due to a feed from another
metastable state, D, to the Ds/, state from which ions were
excited by the IR radiation. The time constant of 6.640.3 ms
corresponds to the mixing rate under the present condition.
The same effect was observed when we used the other IR laser
(850 nm) only to excite the Dy, — %3, If one uses the
5172~ P2 transition to pump into the /)4, state and detect
the fluorescence due to the excitation of the I3, — Py, one
might miss a fractional amount of the 10ns, which are popu-
lated in the Ds), state by the mixing effect, in the estimate
of the total number of ions. One should use two IR lasers by
which both s/2 and D3/, states can be excited even though
one uses the 5)/-— P13 excitation for the pumping.
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Fig. 5. Mixing effect between the fine structure doublet. The slow decay time
constant of 6.6 + 0.3 ms corresponds (o the mixing rate from the /J3/, to the
D)<y state

S Summary

We have developed and demonstrated a new, simple and re-
liable method to count the total number of trapped ions hav-
ing an appropriate energy level scheme. Since the ambiguity
comes only from the estimate of the detection efficiency, this
method is very reliable particularly for the estimate of the rel-
ative number of ions in the same setup as long as the efficiency
is constant. This assumption is true except for the case that the
view of the detector does not cover the whole area where ions
are distributed. It is also possible to measure the detection ef-
ficiency accurately by counting fluorescence from a saturated
single ion which can be cooled by a single laser radiation, such
as Be® or Mg*.
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