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Avoided level crossings betwees states and Stark states in Rydberg Rb atoms
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We have measured the locations and widths of the avoided level crossings betwe8is (states and
n,k Stark states in Rydberg Rb atoms with principal quantum numbéetween 16 and 25. We use two-step
laser excitation to exciten(+ 3)s states in the presence of an electric field and observe a change in the number
of atoms driven to higher-lying states by blackbody radiation as the electric field is tuned through the avoided
level crossings. We have measured both the positions and widths of the avoided crossings.
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PACS numbs(s): 32.80.Bx

In the heavier alkali-metal atoms, K, Rb, and Cs#*®3  and the energy levels shown in Fig. 1 err@z% levels. In
states all have quantum defects less than 0.05, and of thaldition, the azimuthal orbital and spin angular momenta
/<3 states the one with a quantum defect the closest to am, andmg are almost good quantum numbers since there is
integer is thes state. Here” is the orbital angular momen- little spin-orbit coupling in any of the”=3 states and none
tum quantum number. Consequently, when an electric fieldéh thes states. For this reason thes2dvoided crossings with
is applied the/=3 states are converted to a manifold of the m,=0 states are larger than those with the |=1
Stark states, with linear Stark shifts at low fields, and the firsstates, as shown by the insets of Fig. 1. Finally, we note that
/<3 state the Stark manifold intersects is thestate, to  states of the samjeny|, |m,|, and|m;| are degenerate in an
which it is only weakly coupled1]. electric field.

In Rb the Stark states of principal quantum number Here we report the measurements of the avoided crossings
intersect the f+ 3)s states, as shown by Fig. 1 fo=21. of the Rb (1+3)s states with the three lowest energyk
The avoided crossings between thesZtate and the 2k, Stark states, 8k=5, for 16=n<25. We have used the
Stark states are quite small, since thstate is only weakly method of Stoneman, Janik, and Gallagf&r A rather dif-
coupled to the Stark manifold. We denote the Stark stateferent method was used by Nosbawtal. to measure the
n,k, wheren and k are the zero fielch and / quantum analogous avoided crossings in [33. The essential idea of
numbers of the state to which the Stark state is adiabaticallthe experiment is the following. Rb atoms in an atomic beam
connected. In an electric field the total azimuthal angulamare excited from the ground state to thp;5 state and then
momentum quantum numbaen; is a good quantum number, to the (n+3)s state in a static field by two 5-ns dye laser
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FIG. 2. Experimental traces for the avoided crossings of tlsesgate with the first three Stark states of tire21 manifold. The energy
levels are shown in Fig. 1a) the 24-21,3 avoided crossing#) the 24-21,4 avoided crossingé&;) the 24-21,5 avoided crossings. In each
case two distinct Lorentzian dips in the signal are observed, corresponding to avoided crossings with [moth=tileand 1 Stark states.

pulses. Then,k Stark states cannot be excited since theycapacitor plate and impinge upon a microchannel plate de-
contain only/=3 angular momentum components. The fieldtector. The signal from the detector is captured with a gated
is provided by a pair of capacitor plates 1.6B2cm apart. integrator. Over many shots of the laser the static field is
After a delay of 5us, which allows blackbody radiation to slowly swept through the field of an avoided crossing and the
drive transitions to other states, we apply a field ionizationsignal recorded in a computer. We repeat the scans of the
pulse that has sufficient amplitude to ionize the+3)p  field over the anticrossing until a reasonable signal-to-noise
state, but not then(+ 3)s state populated by the laser. The level is obtained. At the avoided crossing the two eigenstates
ions produced pass through a 0.5-mm-diam hole in the uppeare 50-50 linear combinations of tha{3)s andn,k sta-

TABLE I. |m,|=0 avoided crossings.

Matrix
Experiment diagonalization
Position Width (FWHM) wyl 2 Position wyl 2
n,k (Vicm) (Vicm) (GH2) (V/cm) (GH2)
16,3 515.3731) 5.4628) 2.08423) 526.1 1.874
16,4 636.4438) 11.4Q55) 3.3516) 646.0 3.88
17,3 374.4423) 3.0031) 1.3214) 382.1 1.30
17,4 456.8(R7) 8.3990) 2.9031) 460.7 2.38
17,5 579.8735) 20.7022) 5.7660) 587.1 6.55
18,3 277.9817) 2.2832) 1.1416) 283.1 1.04
18,4 333.0120) 3.9621) 1.6209) 336.3 1.74
18,5 412.7725) 14.07198) 5.0061) 4153 5.19
19,3 209.5013) 1.9035) 0.66121) 213.6 0.90
19,4 248.17215) 2.2814) 1.097) 250.1 1.45
19,5 301.5418) 7.31(50) 3.1422) 303.2 4.47
20,3 161.969) 1.4914) 0.999) 163.5 0.68
20,4 187.8211) 2.4422) 1.3012) 189.6 1.24
20,5 224.5014) 4.61(21) 2.16(10) 225.9 3.02
21,3 126.048) 1.026) 0.724) 126.9 0.55
21,4 144.509) 1.8915) 1.179) 145.6 1.02
215 169.8610) 3.8927) 1.9213) 171.3 1.97
22,3 99.3%6) 0.61 (6) 0.475) 99.80 0.38
22,4 112.567) 1.131) 0.71698) 113.4 0.73
22,5 130.963) 2.7227) 1.5515) 131.8 1.60
23,3 79.285) 0.51(4) 0.443) 79.32 0.40
23,4 88.7(5) 0.8913) 0.6610) 89.46 0.57
23,5 102.3%5) 1.8518) 1.2312) 103.3 1.34
24,3 63.884) 0.434) 0.41(4) 63.72 0.28
24,4 70.8%4) 0.7321) 0.60(18) 71.37 0.49
245 80.775) 1.5011 1.41(10) 81.41 1.38
25,3 50.9%3) 0.355) 0.365) 51.69 0.27
25,4 57.143) 0.4713 0.4311) 57.45 0.36

25,5 64.614) 0.908) 0.71(14) 65.11 0.73
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TABLE IIl. |m,|=1 avoided crossings.

Experiment Matrix diagonalization
Position Width (FWHM) wol 27 Position wol27
n,k (V/cm) (V/cm) (MHz) (V/cm) (MHz)
16,3 522.6131) 0.41(4) 156(14) 533.5 179
16,4 640.7638) 1.5718) 46253) 652.4 197
17,3 379.9@3) 0.206) 88(26) 387.6 154
17,4 460.0228) 0.9816) 33855 465.1 147
18,3 281.6217) 0.238) 11540 287.1 100
18,4 335.8(R0) 1.4411) 587(45) 339.3 126
18,5 413.6425) 2.1318) 6931) 417.9 473
19,3 212.3913) 0.0986) 59(4) 216.4 76
19,4 250.2015) 1.7616) 834(76) 252.4 107
19,5 301.5718) 0.88 (5) 37822 304.3 442
20,3 164.0610) 0.09238) 60 (5) 165.6 59
20,4 189.2711) 0.27 (5) 51(9) 191.1 86
20,5 224.8113) 0.402) 1899) 226.7 375
21,3 127.647) 0.1418) 99(6) 128.5 56
21,4 145.61) 0.305) 18530) 146.8 69
215 170.4710) 0.366) 17930 172.1
22,3 100.6%6) 0.246) 187(47) 101.0 46
22,4 113.487) 0.123) 76(19 114.4 49
22,5 131.448) 0.2209) 124(52) 132.5 236
23,3 80.205) 0.0638) B54(7) 80.32 41
23,4 89.4%5) 0.104) 77(27) 90.30 46
23,5 102.716) 0.426) 27941) 103.5 200
24,3 64.644) 0.052) 50(15) 64.41 34
24,4 71.364) 0.134) 105(36) 71.97 38
24,5 81.285) 0.358) 33380 81.81 200
25,3 51.583) 0.051) 51(11) 52.19 44
25,4 57.544) 0.074) 63(32) 57.95 33
25,5 65.004) 0.2009) 157(70) 65.41 122

tes. Since the 1-ciit bandwidth of the laser is substantially tures from the 21,5 state avoided crossings are hardly re-
larger than the width of the avoided crossing, the same numsolved at all. As shown in the insets of Fig. 1, the two fea-
ber of atoms is excited to the pair of states at all fields, but atures arise from avoided crossings between distate and

the anticrossing the blackbody radiation transition rate to thene pair of|m,|=0 and 1 states. Recall that, is not a
(n+1)p state is reduced by a factor of 2 for both eigenstatesstrictly good quantum number.

Consequently, a 50% decrease in the detected signal is ex- e fit all our signals to the sum of two Lorentzians and a
pected at the anticrossing. ~linearly changing background to obtain the positions and
While it is straightforward to separate the field ionization yigins of both|m,|=0 and 1 avoided crossings simulta-
signals of the i+3)p and (1+3)s states, it is not possible neously. The linear background allows for the change in the

to completely separate those _from theH(3)p and low- signal resulting from the temporal shift of the field ionization
lying (n+_1_),k Stark_ states, which are populated by bIaCk'signal relative to the gate of the integrator as the applied field
body radiation transitions from thg k states. Consequently, . : L
) , . . . is scanned. Our measurements of the avoided crossing fields
in practice the observed decrease in the signal is not as large . .
as 50%. Nonetheless, the method works quite well. hd widths of thelm,[=0 and 1 states are presented in
In Fig. 2 we show as examples signal traces for theTabIes I and Il. We also prgsent the \(alues of thg frequency
avoided crossings of the 84tate with the three lowest Stark SeParationwy/2m at the avoided crossings determined from
states of they=21 manifold, the 21,3; 21.4: and 21,5 states,the experimental field W|dths_ and the c_alculated S_t_ark shifts
which are connected to the £121g, and 2h states in zero  Of then,k levels. For comparison, we give the positions and
field. In the case of the avoided crossings betweersttate ~ values ofwy/27r calculated by numerical diagonalization of a
and the 21,3 state two well-separated features are observencated Hamiltonian matrix for thien;|=3 states[1]. All
each approximately Lorentzian. The traces obtained for thé;| =3 states fom values within=3 of then under study
crossings with the next Stark state, the 21,4 state, also showere included in the matrix. As can be seen in Tables | and
two distinct features, which are less well resolved, while feadl, for |m,|=0 and 1 the measured and calculated fields
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agree generally to within 2%, with the measured values be- In conclusion, we have measured the positions and widths
ing systematically lower. As shown by Table I, the agree-of the avoided crossings of the Rb< 3)s andn,k Stark
ment between theory and experiment for thre|=0 widths ~ states for 16en<25 and 3<k=5, and the measured values

is generally within 20%, and again the experimental result&e in reasonably good agreement with the values calculated

are systematically lower. We are not sure of the origin of thé)y numerical diagonalization of a truncated Hamiltonian ma-

discrepancy, but it is not due to truncation of the Hamil- IrX-
tonian matrix. For the narrowem,|=1 avoided crossings, This work has been supported by the U.S. Air Force Of-
which are harder to measure, the measured and calculatéide of Scientific Research under Grant No. AFOSR-F49620-
widths are typically within a factor of 2 of each other. 95-1-0034.
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