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Two-photon dissociation of BeH™ ions is studied by detecting the fluorescence changes of Be™-BeH™ bi-component
Coulomb crystal in a linear Paul trap. BeH™ ions generated by an exothermic reaction between electronically excited Be™
ions and residual Hj in the vacuum chamber are photon-dissociated with two photons scanning over the range of 201 nm
to 208 nm. Our experiment provides a novel method to maintain the number of Be™ ions stable in a Coulomb crystal
with a middle ultraviolet band dissociation laser. This two-photon dissociation method extends the wavelength range of the
dissociation laser for BeH" compared to the one-photon dissociation, and the method can be utilized to all alkaline earth
atomic ions which require suppression of the reaction with residual Hy gas in vacuum.
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1. Introduction

Laser-cooled alkaline-earth atomic ions provide a strong

(121 quantum

foundation for quantum information processing,
logic spectroscopy,®# optical clocks,>®! and searching for
the physics beyond the standard model.l”#! However, previ-
ous studies have shown that these ions, particularly in their
electronically-excited states, unavoidably react with residual
Hj gas in the vacuum chamber and the reaction rate is roughly
proportional to the density of the reactant gas.>~'3! By plac-
ing the alkaline-earth ions in a cryogenic environment, where
the residual background gas is greatly reduced, the reaction
is suppressed and the chemical lifetime of ions is increased

%101 However, creating the cryogenic environ-

accordingly. !
ment requires a complex apparatus, which may introduce ad-
ditional noise from acoustic vibrations produced by the com-
pression and expansion cycles of the cold head.”! Alterna-
tively, photo-dissociation (PD) of the hydride molecular ions
such as BeH™,[!1 YbH™ 121 and BaH™,!13] has also been
demonstrated to convert the reaction products back to atomic
ions. Such approach relies on a dissociation laser with ap-
propriate wavelength and energy, and the dynamics of photo-
dissociation depends on the potential curves of the hydride
molecular ions.

BeH™ ions can be photo-dissociated by an ultraviolet
(UV) range laser. Under thermal equilibrium, the photo-
dissociation of BeH™ at its vibrational ground state has been

demonstrated using a 157-nm laser, and the dissociating rate of
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1.3 ions per laser pulse has been achieved at the averaged pulse

~2 U1 The cutoff wavelength for the one-

intensity of 21 W-cm
photon dissociation of BeH™ in the vibrational ground state is
calculated to be 177 nm. However, the difficulties associated
with generating such short-wavelength lasers and their signifi-
cant absorption by oxygen in the air limit the broad application
of this method. An alternative way is to use two-photon pro-
cesses for the dissociation of the hydride molecular ions. Two-
photon dissociation has been achieved for the dissociation of
CaH™ molecular ion back into Ca™ ion.['*] By scanning the
dissociation laser wavelength from 370 nm to 420 nm, four
resonance transitions from the vibrational v = 0 ground state
to the v = 14 excited states in CaH™ were also observed.

In this article, a middle ultraviolet band laser is first
utilized for two-photon dissociation of BeH" ions produced
by the chemical reaction between laser-cooled Be™ Coulomb
crystal and Hp molecules. The dissociation rate of BeH™ is de-
termined by the fluorescence changes of Be™ Coulomb crys-
tal. The suppressed fluorescence decay indicates the BeH™
ions dissociating back to Be™ ions, and this dissociation pro-
cess can be utilized to stabilize the number of ions and the
size of entire Be™ ion-crystal. The resulting dissociation rates
versus dissociation laser wavelength reveal the near resonance
between the first absorbed photon and the corresponding tran-

sition of BeH™ ions.
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2. Experimental scheme

The illustration of experimental setup is shown in
Fig. 1(a). A detailed description of the Be™ ions crystal pro-
duction can be found in our previous work.!!>~17! Here, a brief
introduction is provided. The Be atomic beam, produced by
a Be oven, passes through the center of a linear Paul trap and
is ionized through a [2 4 1] resonance-enhanced multiphoton
ionization process by a pulsed 306-nm photo-ionization (PI)
laser. The produced Be™ ions are trapped and then laser-
cooled by two counter-propagating 313-nm laser beams along
the trap axis, forming a Coulomb crystal in the trap. The flu-
orescence of the Be™ ions, caused by spontaneous emission
from the excited state *P3, to the ground state S /5, is de-
tected by a CCD camera (see in Fig. 1(b)) and a photomul-
tiplier tube (PMT). As demonstrated by molecular dynamic
simulations in Ref. [18], the fluorescence of Be™ ions exhibits
a linear correlation to the number of Be™ ions. Therefore, the
relative number of Be™ ions is evaluated by the Be™ ions flu-
orescence collected by the PMT. The Be™ Coulomb crystal is
placed in a 300-K vacuum chamber. The background pressure
of the chamber is 3x 10710 mbar (1 bar=10° Pa), where the
main component of residual gas is H, and the partial pressure
of other components (H,O, Oy, Ny, CO3, etc.) is at least one
order of magnitude lower. Therefore, the chemical reaction
rate of Be™ ions with other background gas, such as H,O!'"]
and methanol, '] is at least one order of magnitude lower than
the reaction with Hy. Their influence on the fluorescence of
Be™ ions is negligible and not taken into account on the cur-
rent experiment.

(a) oop (b)
PMT
Cooling laserﬁlooling laser
D>

Vi \

PI laser

Dye lascr gugSHG g TGy
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Fig. 1. Schematic diagram of the experimental setup: (a) illustration of the
linear Paul trap and the setups of cooling laser, photo-ionization (PI) laser and
photo-dissociation (PD) laser. The ellipsoidal Coulomb crystal of Be™ ions at
the center of the trap is detected by a CCD camera and a PMT. (b) An image
of a Bet—BeH™ bi-component Coulomb crystal. The numbers of Be™ and
BeH™ are about 2000 and 200, respectively. The area of the image captured
by the CCD camera is 0.74 mmx0.48 mm. The white dashed line represents
the boundary of the Coulomb crystal including the Be™ ions and the BeH"
ions. The orange solid line represents the boundary of the BeH" ions. This
image is captured at hundreds of seconds after turning on the 208-nm dis-
sociation laser, with the intensity of fluorescence and the size of Coulomb
crystal remaining stable.

After the formation of the Bet Coulomb crystal, BeH"
ions are generated through a chemical reaction between Be™
ions and residual Hy gas in the vacuum chamber. Since
Bet(*S) + Hy — BeH+ H is endothermic by 1.57 eV,?"!
only Be™ ions populated in the excited state P due to the
The BeH™ ions are then

sympathetically cooled by laser-cooled Be™ ions to form a bi-

laser cooling react with Hy gas.

component Bet—BeH" Coulomb crystal. The contour line of
bi-component Coulomb crystal remains the same as the pure
Be™ Coulomb crystal, indicating that the BeH" ions produced
by the reaction are all trapped in the ion trap.

Both the photo-dissociation (PD) laser of BeH" ions and
the photo-ionization (PI) laser of Be atoms are generated from
the same dye laser (mixed dye type: 0.17-gram/liter Rh B
and 0.04-gram/liter Rh 101), which is pumped by a 532-nm
Nd:YAG laser at a repetition rate of 10 Hz and pulse width of
8 ns. The output of the dye laser can be tuned from 598 nm to
636 nm with a maximum conversion efficiency of about 16%.
The output of the second harmonic generation (SHG) of the
dye laser, diverted by a movable mirror, passes through the
trap center and ionizes the Be atoms. The output of the third
harmonic generation (THG) of the dye laser is extracted and
focused on the trap center to dissociate the BeH™ ions. The
efficiency of the THG is about 5% with a 3-BaB,O4 crystal.
Four Pellin Broca prisms extract the output of THG laser and
keep the beam path unchanged while scanning the PD laser
wavelength from 201 nm to 208 nm. The peak intensity of
the dissociation laser is 9x10® W-cm~2, with a laser energy
of 0.05-mJ per pulse and a beam diameter of 0.3 mm.

Figure 2 shows the potential curve of the lowest three
spin-singlet electronic state of BeH™ ion.[>!=2*] Considering
the wavelength of the pulsed laser used in our experiment,
there are three possible channels for dissociating BeH™ into
Be™ and H. The channel one of a two-photon dissociation
process (shown as a red arrow and labeled as CHI in Fig. 2)
indicates that BeH" ions in the vibrational ground state dis-
sociate through the BeH' (X'Z%) + 2hv — BeH' (A'ZH) —
Bet (?P) + H(!S) process with the wavelength of dissociation
laser from 201 nm to 208 nm. In this channel, when the disso-
ciation laser is near resonance to the vibrational states in A'X*
state, the dissociation rates can significantly increase.!'%?3]
The other two-photon dissociation channel (shown as a blue
arrow and labeled as CH2 in Fig. 2) is that BeH" ions
in the vibrational ground state are photon-dissociated via
BeH' (X'E%) 4+ 2hv — BeH™ (B'IT) — Be* (*°P) + H ('S)
by a 306-nm laser generated from the SHG of the dye laser.
The channel three of a one-photon dissociation process (shown
as a green arrow and labeled as CH3 in Fig. 2) is related to the
dissociation of BeH™ ions in the vibrational excited state via
aBeH" (X'2%) + hv — BeH™ (B'IT) — Bet (*P) + H ('S)
process with the dissociation laser ranging from 201 nm to
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Fig. 2. Potential energy curves of the lowest three spin-singlet elec-
tronic states of BeH™.[>!-2#] The red arrow and green arrow represent
the dissociation process with the wavelength of dissociation laser from
201 nm to 208 nm labeled as CH1 and CH3, respectively. The blue
arrow represents the dissociation process with the wavelength of disso-
ciation laser at 306 nm labeled as CH2.

3. Results and discussion

The effect of the residual H, gas on the fluorescence of
Be™ ions is investigated in the first step. An initial Coulomb
crystal of Be™ ions is purified by changing endcap voltage
of the ion trap to remove BeH™ ions. Without the disso-
ciation laser, shown as the blue line in Fig. 3(a), The fluo-
rescence of Be™' ions gradually disappears over 600 s. The
decrease in fluorescence indicates a loss of Be™ ions. The
recorded fluorescence of Be™ ions is fitted by a decay func-
tion, y(t) = exp(—Rt). The decay rate R is determined to
be 0.006(1) s~! from the fitting result of the recorded fluo-
rescence. The decay rate of Be™ ions R* which caused by
the reaction between Be™ ions and Hj can be evaluated by
R* = kpan, where ki, = 1.6 x 1072 cm?
rate constant of the reaction of Bet with H,

s~ is the Langevin

(261 ¢ is the pop-

ulation of Be™ ions in the 2P3/2 state, n = 7(2) x 106 cm™3 is
the number density of H,. Here, we assume that the number
density of H, remains constant during the reaction process. In
our experiment, the intensity of the cooling laser is three times
higher than the saturation intensity of 0.83 mW-mm™2. There-
fore, the saturation parameter s is 3 and @ ~ s/[2(s+1)] = 0.4.
Combined with the above parameters, the decay rate R* is es-
timated to be 0.0045(13) s~!, which is consistent with R ob-
tained from fitting of the fluorescence signals. Thus, it con-
firms that the dominating loss channel of Be™ ions is indeed
due to the chemical reaction with H».

To investigate the photon dissociation process of BeH™
ions, the fluorescence signal of the purified Bet crystal is
recorded when the dissociation laser is turned on. The wave-
length of the dissociation laser can be scanned from 201 nm
to 208 nm with 1-nm step and the laser intensity remains the
same. The fluorescence decay of Be™ ions with a dissociation
laser at 201 nm recorded over a consecutive period of 220 s

is shown as the red line in Fig. 3(b). After 150 s, the flu-
orescence counts of Bet ions shown at point B in Fig. 3(b)
decrease about 17% compared with the initial prepared pure
Be™ crystal at point A in Fig. 3(b). For the following tens
of seconds as shown from the point B to point C, the fluo-
rescence signals remain nearly constant and fluctuate within
the range of 5%. Compared to the fluorescence decay without
dissociation laser, the overall attenuation of the fluorescence
of Be™ ions is obviously suppressed due to photo-dissociation
of the BeH™ ions. The stabilization of Be™ fluorescence af-
ter 150 s indicates the dynamic equilibrium between the re-
generation of Be™ by photo-dissociation and the reduction of
Be™ by chemical reaction. Similar to the fluorescence changes
with the 201-nm laser turned on, the photo-dissociation of
the BeH™ ions is also observed when the dissociation laser is
scanned from 201 nm to 208 nm. As shown by the green line
in Fig. 3(a), the fluorescence of Be™ ions with the dissociation
laser at 208 nm decreases about 16% until the dynamic equi-
librium is reached. The total reduction of fluorescence before
reaching equilibrium exhibits slight variations, indicating the
wavelength-dependent nature of the dissociation rate.

g 1.0p AN (a) +
= .

-:—g 0.8r- N\ B
EO 0.6 With 201-nm laser

g T With 208-nm laser 7
Lg) Without photo-dissociation
8 0.4+ E
wn

9}

8

3 0.2F B
=

o ot 1
m 1

0 100 200 300 400 500 600 700

Time (s)
é I I—VVitlll 201—nn|1 laser l b
5 1000 Ay o (b) |
: —— With 208-nm laser
g 0.96] CH1 ]
o0 \ Without photo-dissociation
n : CH3
g 0.92t _
=
9]
9]
n
© 0.88}F g
o
=
=
+ 0.84+ E
as] ] B (@]
0 50 100 150 200 250
Time (s)

Fig. 3. The time evolution of Be™ fluorescence recorded by PMT. (a) The
blue solid line indicates the change of fluorescence counts without disso-
ciation laser. The red solid and green solid lines are the change of fluo-
rescence counts with 201-nm and 208-nm dissociation lasers, respectively.
(b) An enlarged view of the rectangular area framed by red dotted lines in
Fig. 3(a). The red and greens dash lines represent the influence of the disso-
ciation through CH1 channel with 201-nm and 208-nm dissociation lasers,
respectively. The grey dotted line represents the influence of the dissociation
through CH3 channel.

By fitting the time evolution curve of the Be™ ions flu-
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orescence, the dissociation rate can be obtained. In thermal
equilibrium of 300 K, less than 0.01% of BeH" ions populate
vibrational excited states,[!!] therefore, almost all the BeH*
ions are photo-dissociated through the CH1 channel. The time
evolution of the numbers of Be™ ions and BeH™ ions can be
expressed as

{ ONpe+ (1)/9t = —RNpe+ (1) + D (1) N+ (1),

1
gyt (1))t = RNgeo (1) — D (A Nyaggs (1),

where Np+ (t) and Npepi+ () are the normalized (norm.) num-
bers of Bet ions and BeH™ ions at time ¢, respectively, R =
0.006(1) s~ ! is the reaction rate of Be* with Hy, D(1) is the
two-photon dissociation rate of BeH™ ions with the dissoci-
ation laser at the given wavelength A. The initial pure Be*t
crystal is prepared at 7 = 0, so that Ng.+(0) and Ng.y+(0) are
1 and 0, respectively. The number of Be™ ions can then be
derived as

N+ (1) = == () X

—(R+DA))t
“RiDA) "R+D)C - @

By fitting the time-varying fluorescence signals in Fig. 3(b)
|

10
ONpe+(1)/dt = —RNp+ (1) + Y, Dy (L) N,
v=1

W(1),

using Eq. (2), the dissociation rate with 201-nm laser and 208-
nm laser are evaluated as 0.032(5) s~ and 0.045(7) s~ !, re-
spectively.

In addition to the dissociation of BeH" ions from the vi-
brational ground state, the dissociation from vibrational ex-
cited states is also needed to be considered. The dynamics
calculations of the chemical reaction between Be™ and H, 27!
has been implemented using the time-dependent wave packet
(TDWP) method. These calculations reveal that the vibra-
tional quantum number v of the product BeH™ molecular ions
ranges from O to 10. For the dissociation laser wavelength
ranging from 201 nm to 208 nm, BeH™ ions in the v =0 vibra-
tional state cannot be one-photon dissociated due to the ener-
getic reason. While BeH™ ions in the vibrational excited states
may undergo one-photon dissociation?®! before they decay to
the vibrational ground state. To include the dissociation of
BeH™ ions from the vibrational excited states (v =1, 2, ...,
10) by a single photon (CH3 in Fig. 2), the time evolution
equations for the numbers of Be* and BeH™" ions are modi-
fied as follows:

3

IN, ()3t = nyRN g+ (1) — Dy (M) Ny (1) — ANy () +Avs 1Ny 1 (1), v=1,...,10,

where N, is the number of BeH™ ions with vibrational quan-
tum number v from 1 to 10, D, (1) is the one-photon dissoci-
ation rate calculated in Ref. [28], n, is the population of the
v-th vibrational excited state of the BeH™ ions produced by
the chemical reaction calculated in Ref. [27], A, is the spon-
taneous emission rate of the vibrational state v in Ref. [29].
In Eq. (3), spontaneous emission between adjacent vibrational
states is only considered, and rotational excited states with
higher spontaneous emission rates and BBR effect are not in-
cluded. The above approximate conditions may result in un-
derestimated decay rate and overestimated population of the
vibrational excited states. Therefore, the dissociation process
via CH3 channel may also be overestimated. The number of
Be™ ions, obtained by solving the time-dependent Eq. (3), is
shown in Fig. 3(b) as the grey dotted line. The consistency
among the calculated results and the time evolution of fluores-
cence without dissociation laser suggests that the CH3 channel
has little contribution to the dissociation of BeH™ even under
the approximate conditions which exaggerate the dissociation
process. The reason for this is that, given the laser intensity
employed in this experiment, the dissociation rates of the vi-
brational excited states (~ 1 s~!) are significantly lower com-
pared to the rate of spontaneous emission (~ 10 s~!). There-

fore, the dissociation of BeH™ ions in our experiment is dom-

inated by two-photon dissociation of BeH" ions in the vibra-
tional ground state (CH1 channel). The time-dependent num-
ber of Be™ ions can be appropriately described by Eq. (2).

For the two-photon dissociation of BeH" ions with the
laser scanning from 201 nm to 208 nm, the dissociation rates
are obtained by fitting the Be™ fluorescence using Eq. (2)
when the PD laser is scanned. Then the two-photon disso-
ciation cross-sections o(A) can be expressed as

h2c?

M=

D(4), “4)

where A, 7, f, I are the wavelength, the pulse width, the rep-
etition rate, and the peak intensity of the dissociation laser,
respectively. / and c¢ are the Planck constant and the speed of
light in vacuum, respectively. Therefore, combing the mea-
sured dissociation rates and the parameters of the dissociation
laser mentioned above, the 6(A) are obtained to be on the or-
der of 107* c¢cm*:s and increase monotonically from 201 nm
to 208 nm as shown in Fig. 4. In our experiment, no res-
onance peaks were observed when the laser wavelength was
scanned from 201 nm to 208 nm. This range covers the X' X+
(v =0)-AlX*t (/ =7, 8) transitions, as stated in the energy
levels calculation of BeH™ in Ref. [20]. In that reference, the
Frank—Condon factors for the transitions X' (v = 0)-A!Z*
' =0, 1, 2, 3, 4) were also calculated as 0.14, 0.23, 0.22,
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0.17, 0.11, respectively. The overtone transitions of )
(v =0)-AlZT (/ = 7, 8) are rather weak. The observed in-
crease of the two-photon dissociation cross-section as the dis-
sociation laser wavelength scanned from 201 nm to 208 nm
is presumably due to certain lower overtone vibrational transi-
tions with resonance peaks beyond 208 nm.

Dissociation coss-section (10=*> cm*s)
MO N W B Ol O N 0 ©
——

—a—
—a—
——
M

00 202 204 206 208
Wavelength (nm)

Fig. 4. The two-photon dissociation cross-section versus the wave-
length of dissociation laser. The black squares are corresponding to
experimental data which is the average of five experimental measure-
ments.

In our experiment, the two-photon dissociation of BeH
ions through the CH2 channel is also observed when the wave-
length of the dissociation laser is set to 306 nm. The measured
dissociation rate is 0.050(9) s~! with laser energy of 3-mJ
per pulse. Using Eq. (4), the two-photon dissociation cross-
section at 306 nm is calculated to be 2.8(6)x10~*% cm®s.
This value is three orders of magnitude lower than the two-
photon dissociation cross-section of CH1. The higher two-
photon dissociation cross-section of CH1 may suggest that the
first absorption photon with the laser wavelength from 201 nm
to 208 nm is near resonant with vibrational states in the AL+
state as indicated in Fig. 2.

4. Conclusion

In summary, the two-photon dissociation of BeH™ ions in
the middle ultraviolet spectral range is demonstrated. The dis-
sociating rate of 0.03 to 0.05 ions per second is achieved at an
averaged pulse intensity of 0.72 W-cm~2. The fluorescence of
Be™ ions reaches stable condition due to the dynamic equilib-
rium between the chemical reaction of Be™+ H, and photo-
dissociation of the reactional product BeH™ ions. Such stable
condition of the fluorescence from the laser-cooled Be™ ions is
helpful for the experiments relying on Be™ Coulomb crystal,
such as our previous work detecting rovibrational transition of
HD*.3%311 Our two-photon dissociation scheme extends the
wavelength of the dissociation laser of BeH™ to the range of
201 nm to 208 nm. The two-photon dissociation method can
be applied to all alkaline earth atomic ions that require sup-
pression of the reaction with residual H, gas. Compared to

one-photon dissociation, the two-photon dissociation scheme
demands a dissociation laser with a longer wavelength within
the mid-UV range, which is relatively more obtainable and
economical to procure. Our work also suggests a possibility
of covering the wavelength range for dissociating both BeH™
and BeOH™ ions with a single laser beam.[!3] Such an accom-
plishment was regarded as unfeasible in Ref. [13], where only
one-photon dissociation is involved. The two-photon dissoci-
ation of BeH™ can be achieved to measure the vibronic spec-
troscopy of X'X+—A!X* transition.[?! This resonant dissoci-
ation can also be provided to distinguish the isotopes between
BeH™ and BeD™ for studying the reaction dynamics between
Be™ and HD.[?! Additionally, there is currently a lack of theo-
retical calculations for two-photon dissociation cross-sections.
Our next move will be to acquire the full X'X*—A!X* vibra-
tional band spectroscopy of BeH™ and perform theoretical cal-
culations for verification, including both vibrational constants
and dissociation cross-sections.
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