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Experimental and theoretical investigations of radiative lifetimes in thes and d sequences
of neutral boron
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Radiative lifetimes in the B 2s’ns?S (n<7) and %°nd ?D (n<6) sequences have been measured
employing selective laser excitation at vacuum ultraviolet wavelengths. Theoretical calculations were per-
formed using the multiconfiguration Hartree-Fock method. In particular the effect of configuration interaction
with the sequence perturbersZp? 2S and 2D was studied.
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[. INTRODUCTION the s andd sequences have previously been done using the
MCHF method 7]. Due to instabilities in the self-consistent-
The development of laser spectroscopic techniques hdeld procedure only thes®ns S states below thes2p? 2S

made laser measurements of short radiative lifetimes in thperturber could be targeted. Improvements in the algorithms
vacuum ultraviolet(VUV) spectral range feasible. High- now allow the MCHF calculations to be extended further up
energy atomic levels can be selectively excited and induceth the sequence.
fluorescence captured with high resolution both in time and The measurements were undertaken using the time-
wavelength. In the present work on lifetimes in thandd ~ resolved laser-induced fluorescen(ésF) method on boron
Rydberg sequences of boron we combined the methods GfOMS produced by laser ablation. To obtain the VUV wave-

laser-pulse compression by stimulated Brillouin scatteringlengths’ necessary for excitation of the high levels from the

(SBS [1] and frequency up conversion using four_W(,jweground,sum—difference frequency mixing of two laser beams

mixing [2]. As a light atom with only five electrons boron is 'nrezskergqgoq gseltgr?s ggsF) Iicr)lygc\j/;/alzgrsirelFui?gftgvgiiitzct)ig;
well suited for comprehensive nonrelativistic calculations.” 9 P

The lifetimes were calculated using the multiconfigurationOf investigated levels. Measurements were performed on the
5s, 6s, 7s, 4d, 5d, and & levels in the Rydberg sequences
Hartree-FocKMCHF) method. Y g seq

Rvdb in b h . it _and on the perturber 2p? 2S. The lower fi=3) levels
ydberg sequences in boron show strong irregularities i, ¢ previously been studied by several investigators mainly

energy due to configuration interaction. The energy 'evebsing the beam-foil method. One study also includes’®e

structure, given in Fig. 1, is similar to 2tha2t of a one-electrony ey rher8]. Levels up to 4 and 4d have been investigated
system. The ground configuration is“2s°2p and higher  ging laser excitatiof9].

states are formed by excitation of the 2lectron. In addi-

tion, the configuration 4°2s2p? give rise to a few terms Il. EXPERIMENTAL METHODS

below the ionization energy’S, “P, and ?D. The 2S and o .

2D levels have energies as shown in the ﬁgure_ The presence The radiative lifetimes were measured with the method of
of these states causes a perturbation of close-lying levels §€lective excitation of an atomic level by wavelength-tuned
the same symmetry. This can be observed as irregularities in

the energy positions of the levels. The perturbation can alst y ns np nd nf

have a strong effect on lifetime values. In an unperturbec S Popsn  Dipsn g
sequence lifetime values can be expected to increase reg

. .. 651 8 .

larly with the principal quantum number. 7 252p? § — E
Radiative lifetimes have previously been studied in Ryd- _ ¢ —— s

berg sequences of the other group Il element$3dl], Ga goors —— 4 4

[5], and In[6]. These elements have a similar energy-level 2
structure, but the relative position of the sequence perturber 2 55| , — 3 —
varies. It is only for boron that théS perturber is below the
ionization limit. Furthermore, théD perturber has not been
found experimentally in the heavier elements. The state is

Energy

2
mixed into the wholeal sequence. 22p
For boron the strong perturbations make theoretical stud 45}~
ies difficult. In particular this is true for théS series, where
the position of 22p? 2S between 226s *S and X27s 2S wk 3 ——
must be accurately predicted. Calculations of the lifetimes in
0T 2
*Email address: Hans.Lundberg@fysik.Ith.se FIG. 1. Energy-level diagram for neutral boron with levels rel-
TAlso at MalmoUniversity, S-205 06 MalmoSweden. evant for this investigation included.
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FIG. 2. Experimental setup.

Computer

pulsed laser radiation and time-resolved detection of radiaradiation at the wavelength 638 nm. The second harmonic of
tion released at the subsequent decay. The experimentdiis radiation was then generated in a KDP crystal and mixed
setup is shown in Fig. 2. Free boron atoms are produced bwith the fundamental in a BBO crystal to obtain 212.55 nm.

focusing a pulsed Nd:YAGwhere YAG is yttrium alumi- The pulse from the other Nd:YAG laser was shortened by
num garnet laser beam onto a rotating boron target. TheSBS in a water cell. In lifetime measurements th_e e_xcitation
laser pu|se creates a small p|asma, which expands from t[@.]lse should be shorter than the measured lifetime. The
target and contains electrons, atoms, and ions of various iod€ngth of the water cell corresponds to half the length of the
ization stages. The laser pulse has duration of 10 ns and R4/Se. The SBS first occurs in the focal point in the generator
typical energy of 10 mJ. This source has been utilized for £a't Of the cell and causes a reflection as from a mirror. This
large number of elements and was used, and also examindyrror then travels back the amplifier part of the cell with a

more thoroughly, in a work on bordii0]. The plasma ex- velocity close to the speed of light. This results in a com-
' ’ pression of the pulse to about 1 ns. The loss in pulse energy

pands in a shell-like structure with higher velocities for the! b 0%. Th 4 oul q dd
higher ionization stages. The source has the advantage about 50%. 1€ compressed pulse pumped a second dye
aser operated with different red dyes depending on the re-

high particle densities and the possibility of using populate . A
metastable levels as a starting point for laser excitation. Thguested wavelength of the final VUV radiation. The second
e laser was frequency doubleddg and made to tempo-

plasma density and temperature can be adjusted by changi )
laser energy and beam size on the target. Measurements afaY overlap with the peak of thao, beam. The two
performed on atoms or ions in a particular part of the plasmdid: YAG lasers were triggered from a delay generator, which

by adjusting the height above the target and the time delay d'SC controlled the plasma-generating laser.
the excitation pulse. The excitation beam interacted with the boron atoms

Tuneable VUV radiation was generated through the pro_about 1 cm above the target. Fluorescent light released at the
cess of resonant sum-difference-frequency mixingy; 2 decay was_captured using a 0.25-m_ vacuum mo_nochromator
— w,, of two UV beams in a krypton gas cell. The two UV and a multichannel-plate photomultiplier with a rise time of

beams were overlapped and focused into the cell using an.2 ns. The photomultiplier was connected to a digital tran-

f=30-cm achromatic lens. One of the beams. with waveS'€nt recorder with an analog bandwidth of 1 GHz and real-

time sampling ratefo2 G samples/s. The temporal structure
I h 212. f -ph - o X
r?anr?ttwith thgistrgnmsii‘ig?l 'greegléloe_nzgls,(z\llvoasz)t;\l/oo[g ;%02 (;eif]o of the VUV excitation pulses was recorded with the same
2

krypton. The polarization of the gas and the conversion efﬁ_detecuon system by inserting a metal rod into the place of

ciency is enhanced by the resonance. The generated beamfa plasma.

2w~ w,, was tuned by tu_ning the freque_nc_y of the second . MEASUREMENTS

beam w,. The pressure in the cell, optimized on output

power of the generated beam, was about 200 mTorr. The In the measurements level energies were taken from Ref.

three beams were separated by a lithium fluoride prism. Aftef11] and detection was performed at the same wavelength as

passing the plasma the generated beam was terminated orexcitation. The resonance lines for the studied states are in

window covered with fluorescent sodiumsalicylate. the region 156—-167 nm. This region was covered using red
The two UV beams were produced using two tuneabledyes operated between 586 and 668(finst harmonic of the

dye lasers, pumped by two injection-seeded frequencya, bean). The experimental bandwidth, measured by tuning

doubled Nd:YAG lasers, which had pulse powers of abouthe red dye laser over a transition, was about 0.01 nm, which

500 mJ and pulse duration of about 10 ns. One of thentorresponds to 0.002 nm in VUV. Th&D 4, levels can be

pumped a dye laser operated with the dye DCM to giveselectively excited from the ground levéP,,,. With exci-
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nal recordings were then made in regions where the setting

1000 ] . o o
"Tv’ of these parameters did not affect the lifetime. The final life-
800 1 i \ « Signal time values are averages from a number of such recordings.
0 ‘\‘ /“\ b Rt The error bars of the values include the equal parts of statis-
2 _ byt tical scattering between different recordings and the possibil-
g 600 \T | '\ -+ Pulse . . . .
< [ ity of disregarding systematic effects.
2 (.
£ 4007 N
E i : IV. THEORY
200 oA \\ . -
|oA o All the calculations were based on the usual nonrelativis-
0 2= MQ \\““M{\ sirasa e it rngassanatans tic Hamiltonian with a point nucleus of infinite mass
0 5 10 15 20 25 30 35 N 1 . 1
Time (ns)
Ime {ns, H:E __V?__)_}_E - (1)
i=1 2 ri i<j Tij

FIG. 3. A fluorescence signal observed at the decay of the
2s2p? 2S level and the excitation laser pulse is shown. The signalln the nonrelativistic multiconfiguration Hartree-Fock
is fitted to a convolution of the pulse and an exponential with in_(MCHF) method[13] the wave functiony for a state labeled
verted decay constant of 3.3 ns. yLS, where y represents the configuration and any other

tation from the 2P, the fine structure in théD sequence quantum number required to specify the state, is approxi-
could not be resolved. Both excitation schemes were emr_nated by an expansion of configuration state functions

ployed but no difference in decay times was found. This(CSFg with the samd.Sterm

indicates thatLS coupling is dominant, which is to be ex-

pected in a light element as boron. \If(yLS)=Z C;®(yLY). (2)
The energy of the generated beam was estimated to be !

about 1uJ. Itis given by the intensity of the input beams andThe configuration state function®(yLS) are antisymme-

the thlrd—ord('er' non]mear susceptibility of .th(.a Krypton 98S.trized linear combinations of products of spin orbitals,
The susceptibility is enhanced when radiation frequencies

are close to transition frequencies in the gas. With input 1
beams with powers of a few mJ the conversion efficiency is Grimm,= 7 Pni(1)Yim (6,¢) ém (), (©)
of the order of 10%. To obtain a reasonably strong fluores-
cenceitis an advantage to have an atomic source with a highhere the radial functiongnl(r) are represented numeri-
density that sufficiently can compensate for weak excitatiorzally on a grid. The radial functions are required to be ortho-
beams. It is then, however, important to take care to avoigormal. In the multiconfiguration self-consistent figdC-
multiple scattering prolonging observed lifetimes. In the SCH procedure, both the radial functions and the expansion
measurements the boron density was changed by changir@efficients are optimized to self-consistency. The former
the delay time between excitation and ablation pulses. Foeads to a system of coupled differential equations, one for
delays longer than Zs no systematic effects on the decay each radial function, and the latter to a matrix eigenvalue
times were observed for any level. problem. In the present work a modified version of the

In the measurements laser pulses and fluorescence signMCHF package was used with the ability to optimize not
were recorded alternately. The curves shown in Fig. 3 repregnly on a single state, but on a weighted linear combination
sent averages of 1000 pulses. Pulses from the red dye lasef, several state§14], referred to as an extended optimal
measured with a streak camera, have duration of about 1 ngvel (EOL) calculation.
and pulse-to-pulse fluctuations of typically 20%, somewhat Once the wave functions have been determined, various
depending on the dye used. The VUV pulses will have simiproperties can be computed, including the rates for transi-
lar characteristics. In the figure the laser pulse has a width afons between different states. When the wave functions for
about 1.5 ns due to the limit in time response of the detectiofhjtial and final states are optimized independently, the usual
SyStem. The fluorescence Signal is free from both Scattere&hgu|ar momentum theory for eva|uating matrix elements
laser light and saturation due to the low energy of the VUVcannot be used since the combined orbital set is not ortho-
excitation pulse. The lifetimes were evaluated by fitting thenormal. To overcome this the orbitals of the initial and final
fluorescence signal to a convolution of the laser pulse and agtates were transformed to a biorthonormal basis so that the
exponential. The procedure takes the limited time responsgyaluation of the matrix elements can proceed in the usual
into account since the recorded pulse and fluorescence agganner. This transformation is then followed by a transfor-
affected by the same response function. In test measuremeniation of the expansion coefficients to leave the wave func-
the extensively studied lifetime of the B&s2p'P; level  tions invariant 15].
[12] was reproduced.

Several effects, such as collisions and flight out of view, V. METHOD OF CALCULATION
can cause errors in experimental lifetimes. In the measure-
ments attempts were made to actually observe these effects EOL calculations were performed for each of tHg 2P,
by systematically changing experimental parameters. The fi¢D, and 2F symmetries. ThéP and 2F Rydberg series are
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TABLE |. Theoretical and experimental excitation energies for ~ TABLE Il. Admixture of 2s2p? 2S into the 2S Rydberg states.
boron levels. The’S levels were adjusted semiempirically.

Term Mixing coefficient
Calculated Adjusted Experimental o o 2
energy energy energy 13225235 2S —0.0809
Term (cm™b (cm™b (cm™Y 1s°2s°4s “S —0.1154
15?25?55 23 —0.1792
1s?2s?3s ?S 39733 39728 40040 15295265 2S 03443
1s?2s?4s ?S 54692 54682 55010 15225275 25 0.5523
15?25?55 23 59830 59810 60146
1s%25%6s %S 62199 62135 62 482
152233‘) 228 64250 63217 63561 =3-7 and the perturbing states?2s2p? %S, which lies be-
15225275 ZS 63450 63855 64156 tween 15225%6s 2S and 1s?2s27s 2S. For 2D the lowest
1522323p 2P 48302 48613 state is 522s2p? 2D which was optimized together with
1522524p 2P 57452 57786 1s%2snd ?D, n=3-5. The wave function expansions were
1s°2s'5p °P 61090 obtained with the active space method where configuration
1s"2s°6p °P 62914 state functions of the specifieldS symmetry are obtained
1s°2s2p® °D 47918 47857 from rules for distributions of electrons to orbitals, and or-
1s°25°3d °D 54480 54768 bital sets are successively increased. In all cases the expan-
1s°2s%4d D 59 666 59993 sions were over distributions of the typa?h;1,n,1,n514
1s%2s%5d D 62150 62 485 with nl belonging to the active orbital set. For each of tige
1s?2s%6d °D 63506 63845 symmetries the 4 core orbital was obtained from an EOL
1s228%4f 2F 59672 60031 calculation on the reference states and was kept fixed during
1s22s%5f 2F 62157 62517 the remaining calculations. The orbital sets were systemati-

cally increased until a satisfactory convergence of the calcu-
lated transition rates were obtained. The largest configuration
unaffected by the 422s2p? and the optimization was on the space for the’?P symmetry consisted of 10881 CSF’s and
energy average of the reference state®2%’np 2P, n=2to  was built, in addition to the spectroscopic orbitals defining
6 and 1°2s°ns ?S, n=3-5, respectively. FofS the opti-  the EOL reference states, from sixp, d, fivef, fourg, and
mization was on the Rydberg series?2s?ns 2S from n  two h correlation orbitals.

TABLE lIl. Transition rates for the investigated levels. The unitis.sThe figure in brackets is the power
of 10.

Term 25%2p 2P 2s?3p 2P 2s?4p %P  2s’5p %P 2s%6p 2P 2s5?4f °F  2s8?5f °F

25?35 %S 2.5168] 1.72Q7]  2.0665] 3.2912]  4.8453]
2.6028]  1.7417]  2.1435] 2.1032]  7.5563]
25%4s %S 9.9877] 1.6577] 2.6036] 1.6335] 3.6594]
1.0398]  1.6647]  2.5906] 1.4895]  2.5754]
2s?5s %S 7.9797] 5.2296] 3.7446] 7.0065] 9.7994]
8.3467]  5.1576]  3.6466]  7.1045]  8.2254]
25%6s 2S 1.2718] 1.8176] 8.9485] 9.9335] 2.88(Q5]
1.3338]  1.6896]  8.2615]  8.9085]  2.6935]
2s2p® %S 2.73§88] 6.3173] 3.2074] 9.9743] 5.3164]
2.8748]  3.2664]  8.1714]  4.4484]  1.8894]
25?75 %S 1.2058] 1.8996] 1.1866] 7.1195] 4.6875]
1.2698]  2.1346]  1.4546]  9.1695]  6.2245]
2s2p? 2D 3.7847]  4.1592]  2.2682] 1.5394]  1.82Q4] 2.5796] 1.5896]
4.11Q7] 4.4412] 1.6973] 2.3264] 2.8104] 2.5946] 1.6146]
2s5°3d %D 2.0618] 1.2787] 1.6736] 5.5435] 2.875] 1.2097] 3.7066]
2.0748]  1.2847] 1.6396]  5.2815]  2.7565] 1.1947] 3.6446]
2s5°4d °D 1.0088] 1.3233]  2.5246] 7.3795]  2.7285] 8.309-1] 2.47Q6]
1.0198]  2.53Q3] 2.5116]  7.8185]  2.9075] 3.1210] 2.5446]
2s?5d 2D 5.4217] 2.3245] 9.1664]  7.5265]  3.0595] 6.1274] 2.42Q0]
5.4667]  2.4995]  1.0295]  7.325]  3.3235]  4.8974] 9.646—1]
2s5%6d 2D 3.2297]  2.685] 2.1543] 6.2694]  2.9165] 2.63Q4] 5.0144]
3.2347] 2.8515] 4.1083]  6.6004]  2.7315] 1.9944] 4.3244]
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VI. RESULTS AND DISCUSSION TABLE IV. Experimental and theoretical lifetime values for the

L ) . sandd Rydberg sequence in neutral boron.
Table | shows the computed excitation energies. Looking

at the 2S symmetry it is seen that the perturbing state Lifetime (n9)

1s22s2p? S is too high relative to the $2s%6s 2S and :

15%2s?7s 2S states of the Rydberg series. This is due to _ Experiment Theory
the single 2 electron of the perturbing state that is expected  State This work Others This work
to cause a much stronger polarization of the closegub- 25235 25 4.02)? 3.97
shell, an effect not accounted for in the computational 2524525 8.7(4)2 8.59
model, than any other single electron with higheand | 25255 25 11.06) 11.3
qguantum numbers. Since the position of the perturbing »52g5 25 7.7(4) 7.65
state has a strong influence on the computed transitionzszp2 25 3.32) 3.603)° 3.65
rates of the higher members of the sequence, thepg27g2g 8.34) 8.01
(®(1s°252p® *S)|H| P (1s°252p® *S)) diagonal element of 25712 2p 23.1(2)° 26.4
the Hamiltonian matrix was semiempirically adjusted before 54234 2p 4722 3.965)° 457
diagonalization to give the correct prder of the_states. The 5244 2p 10.35) 10.05) 968
third column of Table I shows the adjusted energies. In Table 525 2 17.58) 18.1

Il the mixing coefficients of the £2p? °S CSF, as obtained  , .24 2n 31.52.0 303

from the adjusted calculation, are shown for each of the Ry-
dberg states in théS series. Table Il gives the transition 2Referencd9], laser-induced fluorescence.

rates between the investigated states, computed using thReferencd8], beam-foil.

length and velocity forms of the electric dipole operator. The i . 29
values of the length and velocity forms agree to within aduantum number is interrupted by the short-lives2p® S
few percent. The exception being transitions with Veryperturber. The effect |s_weII reproduced in the galcul;:mons.
small rates and transitions involvings®s2p? 2S and The present calculation can be improved by including po-
1s2252p? 2D. The difference for these terms is due to thelarization of the closed 4 subshell. This would give a better

polarization effects that has not been accounted for in thgred.iction of the position Qf thg perturping state, partly re-
moving the need for a semiempirical adjustment. Due to lim-

computational model. In addition there are several cancellat d tational lculati including the 1
tions in the transition matrix elements as discussed id-cd computationalrésources no calculations including 1€

Ref. [7]. polarization were attempted.

In Table IV the lifetime values in the length form calcu-
lated from the transition rates given in Table Il are com-
pared with experimental lifetimes. Earlier experimental val- This work was supported by the Swedish Natural Science
ues are only given for a laser spectroscopic investigation anResearch Council. The authors acknowledge the support
for a beam-foil work including thes perturber. For thes  from Professor C. Froese Fischer, Professor S. Svanberg, and
sequence the trend of increase in lifetime with principalthe Lund Laser Center.
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