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~Laser Scanning Measurement of the
£

Density Distribution_of_Confined 6Li+_Ions.

'R.D. Knight
and
M.H. Prior

" University of California, Physics Department
: and ‘ '
‘Materials and Molecular Research Division,

Lawrence Berkeley Laboratory '

Berkeley, California. 94720

ABSTRACT
The density distribution of metastable 1525381 Li* ions confined in a.
radio-frequency quadrupole ion trap has been studied using a laser scanning
téchnique. The 1aser beam, resonant with the 54853.1525381 - 1s2p 3P1 transition,
is scanned in é‘piane nbrmal td the trap z - axis. Intercombination photons,

S2 1

- 152p3P1 at 2028, are counted and stored as a function of laser beam ’

1 S

0
positioh. Application of the Abel transform to the data givés the density profile

in the plane of the scan. In all cases, the density profiles were consistent
with a Gaussian distribution of ions. The radial and axial widths of the
distribution were measured as a function of thé number of ions and pdfentiél well
depth and éhépe. The fésults are discussed in terms of avmddel in which the

ions are in thermal equilibrium at a temperature of severai thousand degrees

Kelvin.



INTRODUCTION
| During the paSt twenty years, various types of ion storage devices,
including RF-quadrupole ion traps, Penning traps, and electrostatic ion traps,
have come to be increasingly versatile ahd‘important tools in atomic and
- molecular physics. bExperiments performed in tﬂese devices inciudé ﬁeasuremehts
of hyperfine Structufeé, excited state lifetimes, collisional cross sections,
and magnetic momenté_.1 bIn addition, ion traps are now being considered for uéq
as pfimary‘frequency standards. | |

Despite the extensive experience obtained with ion traps, no clear picture
has emerged as to the distributioﬁ of ions in a trap, average ion enefgies, or
. the Collisionai processes'responsiblé for ibn'relaxation,apd eventual loss. |
This is in large part due to the cémple%ity of ‘the prdblem, which has hindered
all but simplified theoretical models. In addition, experimentél results have
largely been iimited»to determinations of the total number of ions and measure- |
ments of Dopplér widths of spectral lines. Only recently have some resﬁlts
indicated the approximate size of the ion cloud.2

In order fo understand'better the dynamics of ion confinement, in connection

with our prdgram of metastable ion lifetime measureménts, we have deterhined the
densjtyvdistribution 6f metastable‘.ZSS1 6Li+ ions stored in an RF-quadrupole
ion trap for various shapes and depths of the effective potential well. These -
results are relevant to mahy RF ion trap experiments, particularly_where‘méan
energies are needed to estimété reaction.rates, while the technique itself can
bé adapted fo studying appropriate ions in other‘tyﬁeé of traps. In’addition,
thé technique has possible value as a diagnostic.tool-fdf studying impurity ions
in plasmas.
METHOD |

The experimental arrangement is shown in Fig. 1. All timing and data



célleétion are coﬁfrolled‘by a PDP-li.éomputef. The ion trap is of the RF-
quadrupole variety and of size Td=zo=3 cm.  The end electrodes are accuratély
machined copper hyperboloids, while the ring.electrode is a wire mesh which
allows good optical access to‘thé trap interior. Li* ions are created near

the center of the trap by electron bombardment of a Li atomic beém,withvan éxial
electron beam passing through a hole in one end éaﬁ. The total number of Li'
ions is monitored by resonant sideBand excitation and tuned circuit.detection.-1
Typical parameters are :105 ions stored with storage lifetimes =15 sec. at a
residual background pressure#m_9 Torr. Of these, only éome 10> are in the

metastable ZSS state. - -

1 .
The energy levels utilized are shown in Fig. 2. The ions studied here are

those in the highly metastable 2381

effective lifetime =5 sec. at 10_9 Torr and-is lost primarily by non-radiative

state. This state is observed to have an

quenching collisions (among which we include ion-molecule reactions) with the
background gases. The spontaneous radiative‘lifetime'15.250 Sec.3 The

1

metastables are detected by the 2028 intercombination photons from ZSP to the
resonant absorption of 54858 laser photons.

ground state following the'ZSS —23P

1 1
The branching ratio of the intercombination decay to the allowed decay back
to 2387 is =1:1200.4‘ Using a dye laser producing 50-100 mW power and linewidth

1 .
DAL.058, the entire metastable population. can be pumped_to the ground state in

<.3 sec., with each ion emitting a 2028 photon. We term this process ''laser

quenching," In this work 96% enriched 6Li was used; it has much smaller hyper-

~fine structure than 7Li which makes the laser quenching more efficient for our
laser bandwidth. The 2028 photons are detected by windowless electron’multipliers}
Collection efficiency is increased by grézing incidence light pipes with 2008

thick piatinum coatings. Charged particles and metastable neutrals are prevented



from reaching the detectors by 800R thick aluminuh'foils Which are > 50%
transmitting at 200R. The detectors are insensitive to scattered laser light,
and the primary background is due to the dark rate (<1/sec) and spoﬁtaneous
238l decay photonsbat 2108.

Data are collected by rapidly scanning the laser beam in a plane normal
to the trap z-axis and storing photon counts in a multichannel 3caler whose
timebase is synchronized with the scan. As discussed below, this produces
a signél from which the ion density distribution‘can be determined. The
scanning is accomplished by a small mirror mounted on the movement of a standard
relay which is driven by a sinusoidal voltage ét its mechanical resonanf
frequency of =50Hz. With the mirror 1.5m from the trap, this easily produées
a scan =10 cm. wide whose fréquency_and amplitude are quite stable for the
‘duration of a run (=1 hour). The portion of the scan which passes through the
trap falls on a plate containing narrow slits orienied nonnai to the scan plane
and spaced .10 inch apart with a photodiode mounted behind. The'photoaiode
~output as the scan passes across the slits is a series of pulses which can alsobe
stored in the multichannellscaler and used to calibrate the channel mumber in
terms of distance from the trap z-axis. Due to the fact that the laser
intersects the ion cloud only for a Very small range near the center of its
scan, the scan was never observed to be other than linear in time.

The 51gnal obtalned is related to the ion den51ty as follows (see Fig. 3).

At any instant of time,-the signal count rate is given by

- e Vodm@ad ey

where p(?) is the laser power density, n(¥) is the ion density, and € includes

~dipole matrix elements, branching ratios, efficiencies, etc. Since the laser

-«



power is zero except along the line of the laser beam, parallelvto the x-axis,
and is constant (the sample being optically very thin), the count rate can be

‘written

Py = @ ey, @

where y and z’hOW'locate the laser beam with respect to the trap center and P
is the total laser power. In a pfeciSe experiment, the finite width of the
laser beam would need.to be taken into account; but in our case it 1s small
v(<1mm) _compared to the ion cloud and wbuld only be a small correction. Now
in practice, of course, the 1aser.beam is moving, but its motion Iﬁ.Smm)
dufiﬁg one éhannel width (At=20usec) is small compared to the size of the ion
cloﬁd, so we can consider it fixed for each channel. The signal recorded inb

the i-th channel is then
s, v:,2) = Dy, , 2N, ot = 'y P{_"nCx,y,,2)dx )
iVi® T gt s 3t XYy

where NS is the total number of scans.

Note two assumptions implicit here: First, we assume the density is constant
in time for the length of time the laser is scanning, and second, we assume thaf
the laser depletes metastable ions at a rate slow compared to the mixing time of
ions in the cloud. We can estimate the mixing time to be roughly the time for
loss of coherence after resonant excitation of the ion motion. This has been
observed to be =30msec. , whereés thé metastable depletion time due to laser |
quenching is several seconds since the laser is outside the trap dufing most of
each scan. The data for each filling of the trap is always collected in <1

sec., which is short compared to the metastable lifetime of =5 sec., so the



denéity should reméin‘nearly constant during the collection’period;- This has
been verified by using cbllection times varying between .1 sec; and i sec.
following storage periods of .1 sec. to 2 sec. No significant variation in
the laser scangprqfiles has been'observed, which iﬁdicates that fhe ion cloud
has reached a quasi-equilibrium-in 5.1-sec. dnd remains constant in shape
thereafter. In order to maintain a particular standard,-all'work described
here used.a 1 sec. storage period after ion cfeafion followed by a 1 sec. data
" collection ﬁeriod. Total time to collect a Complete_curyé was =1 hour,

To extract the density distribution from the sigﬁal, we utilize the
cylindrical symmetry of the tfap:to write n(x,y,i)‘= n(r;z). Chahging to
cylindrical coordinates and writing the signal now as a continuous function, wé

have

o

S(y,2) = 2C'N_P S°° P_(E_Elr_d_r_ ' @

y.\/rz—yz"

This integral equation for n(r,z) can be solved by utilizing the Abel transforms,5

which are:
K /.
e = f] A - (5)
o & Vn?-g
- . J7d (Tee o
£f(n) = - -——g £l a ,
m dn F1
| | | n ’EZ“HZ :
I1f we define | 2 C'NSPrn(r,z) =_J%:f(r), | ’ '
and S(y,z) = g(y),

then our solution for the density profile at a particular height z is
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n(r,z) = - L d & yS(r,z) dy, ' | (6)

mC'N_Pr dr T
S ‘ /yz_rz

For theoretical reasons and as observed, n(r,z) is very nearly a Gaussian. A
direct integration.of the Abel transforms shows that a Gaussian is transformed

into a Gaussian, so if we represent our data by

-
S(y,2) = 5, e 0/

where So"= So(z) and A = A(z), than the integral for n(r,z) gives

S 2
(0] e‘ (r/A) ) | (7)

n(r,z) =
JFC'N_PA

Since the constant C' is not known, we define a relative density normalized to
the laser power P and the number of duty cycles completed NC (NC = NS/# scans

per cycle):

s. 2 | o
n*(r,z) = Fré}j& e -(Y/A) (8)

Note that this really measureé only the distribution of metastable ioﬁs.'-Since
the ioh cloud reléxétion due to ion-ion and ion-molecule éollisioﬁs is bbsérved
to be fast ({,1 sec.), we have no cause to think that the metastables are
distributed any differently than ground state ions.

The data are then analyzed as follows. The collected data in the multi-

channel scaler for a given z are first corrected for a small background and then



least squares fitted to a Gaussian,.yielding values for SO and A, In 311 cases,
the reduced xz indicates that the choiceof- a Gaussian is'indeed'aﬁprépriate.
Using the fitted values along with measured.values for P and Négivesthe felétive
density n*(r,z) as a fuhction of the radius for a slice of the ion cloud at al
particular z. Having been norﬁalized, n* is independght of the laser pdwer and
the number of duty cycles required td collect the curve. A typical curve is:
shown in Fig. 4; along_with the fitted Gaussian. The apparent'étructure near
chanhel number 85 is a shadow caused by a secfionrof the ringheleétrode blocking
the lascr beam. The points inuthe shadow have been exCludgd from the least

squares [itting routine.

As stated above, all of our data could be fitted weil to a Gaussian and we
can thus represent the ion dénsity by n(r,z) =_n0exp[-(r/A)2] where n = no(z)
and A = A(z). For a spherical potential well, the "ion radius' A and the well
depth D determine the average ion energy, so we have been.concerned with
measuring A for various trap pérameters, Since we have found the number of ions
.crecated to fluctuate oécasionally as much as 30% ffom cyéle to cycle,iit was
of importance to establish first how the ion radius varies with the number of

“ions stored. Our results at z = 0 with a sﬁhefical pdtential well are shown in
Fig. 5. With the poésible eXception of very small numbers df ions, the radius
is seen to be independent of the ion number. All.subsequent data were then
taken with a suffiéient number of ions to eliminate any major error resulting
from f{luctuations.

Fig. 6 shows the radius at z=0 as a function of the depth of a spherical

potential well. This figure also shows a determination of the radius based upon
3

the measured linewidth of the 27S -23P1'resonance and a ‘simple model of the line -

1

shape which assumes the ions have a Gaussian distribution. This model calculates



the optical pumping of the various hyperfine levels, assuming no relaxatién of
the metastable state (a reasonable assumption for ions stored in an ultra high
vacuum during the 1 sec. long laser pulse). The laser quenching is strong only
when the laser overlaps the Doppler profiles of all the transitions. Note that.
linewidth measurements‘aldne give only an average energy and cannot yield an
ion radius unless some distribution is assumed. The‘agreément.of the radius
as determined by the two methods is satisfactory except for possibly'the case
D=18eV. We observed, however, that data taken at D=18eV on other days generally
gave somewhat larger values for A which were consistent with the linewidth value.
Not being able to verify that all other conditions were identical, such data were
not shown in the figure.

In‘general, the ion trap'need not have a spherical potential well but can

have a cylindrically symmetriceffective potential given by

The ion cloud might then be expected to be either compressed or expanded in'the
radial diréction for Dr’ respectively, larger or smaller than DZ.. If, in

addition; the cloud remains a Gaussian of the form
n(r,2) = 0 expl-(t/8 )% - (/8 )7 (9)
i o T’ yA

whére hé ié now constant, then cleafly‘the radius,Ar is ihdependent of the
height z. This woﬁld not be the Casé, fbr, say, a cloud of constant density
and sharp edges. 1In Fig. 7 are shown the results for Ar as a function of the
height of the laser séan above the trap center for three differently shaped

potential'weils, and in Fig. 8 are shown the radial density profiles for one -
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of these wellé! The cloud is indeed compressed when Dr is.increased while
DZ decreases, and Ar isléeen to have at most slight dependenée on z. An analysis
of the cOéfficients SO/NéP from'Eq.‘(S), while of 1imit¢d-accuracy, is consistent
with a Gauésian distribution along the z-axis in whi.ch.AZ expands conéurréntly
with the contraction of Ar‘when D} is increased and D, decreased. |

. A more careful Check of whether the ion cloud is Gaussian along the z-axis v
was made by measuring the count rate for a stationary laser beam passing
through y=0 at .various héights z for a spherical potential well.  In this case,
because of the cylindrical symmetry about the y-axis, the earlier anaiysis
appliés equally well to the axial direction and a Gaussian signal yields a Gauésian
density profile. In addition, we have shifted the ion cloud away from the
trap center by applying a DC voltage AV to the lower'endcap_electrode, while also
adjusting the DC Vbltage on the ring to maintain a well of cohstént depth. The
results are shown in Fig. 9 aloﬁg with fitted Gauésian curves. The assumption
of a Gaussian distribution in the axial direction is.seen to be satisfactory and
the ion radii AZ, which are the same in allrthree cases, are consistent with |
measurements of Ar made under'similar conditions.. It is also seen that we have -
demonstfated the possibiiity of manipuléting the ion cloud over distances
comparable to the cloud size, a fact which would be difficult to verify without
using the laser to '"'take a piqture"_ofuthe ion cloud. A simple model of a
uniform electric field being superimposed upon the effective trap field would
predict a shift of .5 cm for the parameters used. -That the actual shiff is
somewhat less is likely dﬁe to the fact that the DC electric fieid between the
hyperbolic end electrodes is only moderately well approximately by a uniform fieid >
in the region occupied by the-ions.

DISCUSSION

In the absence of ion-molecule collisions and RF-heating effects, coid ions
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will reach a steady-state distribution where the space-tharge forces and trapping
forces juét balance.1 vIn this limit, the ions fill the potential weli at constant
density ﬁp to a well-defined ion éloud radius determined-bylthe total.number of
ions,‘rather like.watervfilling a bowl. This has been observed for charged
metallic dust particles in an RF-quadrupole trap since’collisioﬁ processes with
the background molecules are insignificant.6' waever,.for atomic or molecular
ions, these processes provide consideféble heating an& the cold ion model is not
justified. A more reasonable model has been constructed which considers ions
at a finite temperature colliding withvbackground moiecules but ‘ignores RF-
‘heating.7 vIn}thié case one finds that the ion density distribﬁtion is approxi-
matély Gaussian and that the equilibrium temperature approaches that of the |
background gas.. Howe&er, measurements of the ion temperature in RF-Quadrupole
traps by bolometric8 and 1inewidth9 techniques generally give T = 104 %k for .
well depths D ~ 10eV, consistent with our results. This indicates that RF-
heating is the dominant mechanism of energy input, an interpretation supported
'by the fact that ions in a Penning trap,'with static fields only, are ;apable of
being cooled tb the background gas temperaturé.lo

I'f we hypothesize that the background molecules together with the RF field
act as an effective'heat reservoir at temperature T, then the.ions in
equiiibrium will obey a canonical diétribﬁtibn such that the probability of
finding an ion with velocity in the range'dsv at v and position in the range
d3r at T is _ | o | | |

. _ L > | '
PEF, V%S « o VKT 43,43, (10)

For ions in a'cylindrically symmetry potential well extending to infiﬁity,
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eD o Coan

‘where Dr and DZ are. the well depths for a trap of dimensions T, and Z, The

distribution function £(¥,V), normalized to

S Brdd £330 = N

where N is the total number of ions, is then

: 1 ) ) .
(8e3moD2D )* 2 rPeD. z%eD
=5 e ) o
' . rOkT zo-kT '

z (27kT) >

Integrating over d3r gives the usual Maxwellian distribution of velocities
normally obtained by considerihg the potential energy to be constant. To obtain

the density distribution one integrates over d3v and finds

3.2 ' :
N e’d- D 1k : _
n(r) = I; I L g] exp[(-r/Ar)z- (z/AZ)Z'] - (13)
rz (rkT)
oo
where
_ | kT
Ar =T, /eD
o "Z

This is identical to Eq. (9). In a practical situation, however, one can only

integrate over the trap volume-rather‘than to infinity. But as long as Ar.<§ Ty

”
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amd Aé <z the error is small and the distribution should be very close to
vGaussian.
| ‘Without a detailed model there is, of course, no rigorous juétification :

for the hypothesis that the ions are in contact with an,effective heat reservoir
determined by the molecules and RF field. The agreement of our measurements
with the distribution pred1cted by this model does, however provide strong
evidence that this hypothe51s is correct. In partlcular: (1) We observe

that the ion cloud is in quasi- equllbrlum over times long compared to relaxa-
tion timea (2) In all cases our data is consistent, to w1th1n statlstlcal
errors, with a Gaussian den51ty dlstrlbuthn; (3) The ion cloud radius has, at
most, only élight dependence on the total number of iens, indicating that ion-
ion collisions do not play a major role in the dynamics of the ion cloud. The
Gaussian distribution with its implied Maxwellian velocity distribution also

confirms the idea, introduced by Dehmeltl,

that the ions can,.in fact, be
described by a temperature - a concept which.would have little meaning if the
distributiom'were substantially different. The equilibrium temperaturevfor a
given well depth will be. determlned by balancing the RF - heating w1th energy
loss mechanisms such as collisions and ion evaporatlon.' It is then likely that
the temperature varies w1th the well depth, and thls would explaln why A does notv
seem to fall off as rapldly as D i in Fig. 6.

A Gaussian density distribution greatly simplifies.many calculations, sueh
as mean velocities or Doppler-widths, and allows results to be stated in terms of

the Well depth (a known parameter) and A. For eXample, in a spherical well the

average potential energy is

: 5 >, .3 2
<:eU:>= Sn(r)eg(r%d T _ g—éz-eD
' Sn(r)d T rd



14

From the Virial Theorem for a harmonic oscillator, the mean total energy

is just twice this, so

E=3kT=3—Z eD
0 ' ©
The values of A observed in this work imply temperatures T = SOOOOK, consistent Lot

with other'measurements mehtioned previously.
CONCLUSION |

We have reported results of the first detailed determinétion of the
distribution of ions in'an RF-quadrupole ion trap. Thé Gauésian-shaped profiles
which are independenf Ofvthe_fotal ion number support the hypothesis'that
RF-heating in collisions with background gas molecules is the major factor
determining tﬁe ion cloud dynamics.'-The laéer_scanning technique utilized in
this work could bé profitably applied to other fypes of ion traps.

This‘wérk was supported by the Division of Chemical_Sciences,VOffice of

Basic Energy. Sciences, U. S. Department of Energy.
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FIGURE CAPTIONS -

Experimental arrangement for measuring ion density profiles with )

scanned laser beam. Only one of two detectors is shown.

\

.+
Li energy levels pertinent to this work

Scanning geometry for an ellipsoidal ion cloud The laser beam
is scanned in a plane parallel to the x-y plane at a set helght z

to determine n(r,z).

Representative set of data. The structure near channel 85 is a
shadow of a portion of the trap structure. The curve is a
least squares fitted Gaussian. '

Ton cloud radlus versus number of ions stored in a spherical

potential well.

‘ Ion cloud radius for different spherical potential well depfhs,

The points without error bars were independently determined from
the linewidth of the intercombination s1gna1 measured by varying .

the 1aser wavelength

Ion cloud‘radlus at different heights above the trap center for three
potential well shapes: Dots, D, = 24eV, D, = 6eV; squares,

D. = D, = 18eV; triangles, Dy = 9eV, D, = 36eV.

~Radial density profiles at three scan heights for the case D, = YeV,
D, = 36eV. Data is shown only for the z = 0.25cm scan excluding the
shadow region. The curves are the fitted Gaussians and have the same
width. '

Axial density profiles for a spherical potential well, D, = DZ = 18eV,
with different values of AV applied to the lower ehdcap: Triangles,
AV = 12V; dots, AV = 0; and squares, AV é.—12V. e

¥
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