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Nonadiabatic transition in = 2 atomic hydrogen
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(Received 27 October 1977)

We present an experiment studying the nonadiabatic passage of the F = 1 hyperfine component of the
2 S», metastable state of atomic hydrogen through a reversing solenoidal magnetic field. The nonadiabatic
region is compared to the model field of Bight, Robiscoe, and Thorson. The measured transition amplitudes
are fitted by the calculated amplitudes and the results are discussed.

I. INTRODUCTION

In previous measurements of the fine-structure
intervals in the n= 2 level of atomic hydrogen by
an atomic-beam method, a state-selection tech-
nique was used. " Briefly, an atomic beam was
produced containing metastable 2'S, &, atoms in
the E =1, yn =+1 and 0 states only. 'This beam then
passed through a solenoid, where the current was
adjusted so that the ambient magnetic field was
brought to zero. As the field went to zero, transi-
tions were induced to the 2'S, &,(F = 1, m = -1) state,
called the P(B) state, which was used as a single
initial state for subsequent radio-frequency transi-
tions to the 2P states. Two peculiarities were
noted about the production of the P(B) state. "
First, a measurement of the P(B) state population
as a function of solenoid current, i.e. , transition
magnetic field strength, produced a curve with
oscillatory structure. Second, a measurement
of the velocity distribution of the P(B) state again
showed oscillatory structure. 'The question of the
nature of the transitions between the E = 1, m =+1,
and m = 0 states and the P(B) state was thus raised.

'The present authors, with Thorson, have re-
cently investigated the nonadiabatic passage of an
oriented spin through a model inhomogeneous mag-
netic field in an attempt to explain the observed
phenomena. ' The model was fashioned after Ma-
jorana's model, which considered the passage of
an oriented spin near the neighborhood of a zero
field point. 'This model interaction, similar to the
Landau-Zener-Stueckelberg (LZS) model for curve
crossings in collision theory, was chosen because
of its resemblance to the magnetic field interac-
tion in the. previous experiments. " Solutions for
the final-state populations were found for the non-
adiabatic passage of a spin-one particle. Agree-
ment between theory and the original experimental
data was not good, however; this was attributed
to the'presence in the original experiments of a
second "accidental" nonadiabatic transition region
not easily modeled. In this paper, 'we present the
results of a new experiment where the transition

region was designed to more closely approximate
the LZS model in order to better test the theory.

In this experiment, a beam containing metastable
2'S, &, atoms with a population equally distributed
between the I" = 1, m =+1 and E = 1, m = 0 hyperfine-
structure states is produced by standard tech-
niques. " 'The beam passes adiabatically from
the production region to the transition region. The
transition region, which we call a "flopper, " con-
sists of two oppositely wound current-carrying
solenoids butted together. 'The beam travels down
the axis of the flopper where the predominantly
axial magnetic field passes through zero and re-
verses direction. 'The magnetic field coupling be-
tween the metastable hyperfine-structure -states
is in a reasonable approximation to the LZS-model
coupling. 'The beam then travels adiabatically
through a state selector and the fractional popula-
tion of the P(B) state (F = 1, m = -1) induced by pas-
sage through the flopper is selectively detected.
The P(B) time-of-fli. ght distribution is also mea-
sured in order to measure the P(B) velocity dis-
tribution.

'The experimental techniques for production and
detection of such a metastable beam are well known
and extensively discussed in the literature. ' "
Only the transition region or "flopper" will be dis-
cussed in detail in Sec. II. In Sec, III, the experi-
mental data and the theoretical state populations
will be given and discussed before being compared;
later, a comparison incorporating experimental
averaging effects due to finite size and beam velo-
city distribution will be discussed. %e give our
summary and conclusion in Sec. IV.

II. TRANSITION REGION

'The transition region or ' flopper" consists of
two oppositely wound solenoids on a brass spool
with a 1.06-cm-diam hole bored down the axis.
Each solenoid 'is wound with 640 turns of 27-gau*ge
magnetic wire and has a mean radius of 0.99 cm
and a length of 7.5 cm. &he spool is mounted in-
side a cylindrical soft iron shield with 1.27-cm-
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FIG. 1. The axial (Il, ) and transverse (II„) magnetic
fields as functions of distance, 2 cm either side of the
center of the Qoppers with 25 mA of current.
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FIG. 2. The inverse adiabaticity parameter for the
magnetic field in Fig. 1.

diam beam entry and exit holes coaxial with the
flopper. Additional shielding is provided by three
layers of Conetic and two. layers of Netic shielding
material inside the iron cylinder. The shielding
is required to eliminate the large static magnetic
fields used in both the beam production and state
analysis regions. 'The measured solenoid constant
is 0.107 G/mA of current.

In Fig. 1, we show the axial an/ transverse mag-
netic fields as a function of axial distance near
the center of the flopper, where the axial field
direction rotates by r rad. 'These fields were mea-
sured along a line 0.28 cm off the flopper axis and

for 25 mA solenoid current. Comparison of these
fields with the LZS model fields used by Hight,
Robiscoe, a.nd Thorson (HRT) shows relatively poor
agreement. ' However, as discussed by HRT, the
effective coupling between atomic states produced
by passage through such inhomogeneous magnetic
fields may be characterized overall by an "adia-
baticity parameter" a, which is defined as the ra-
tio of the spin Larmor frequency (d~ to the field
rotation d8/dt in the rest frame of the atom, where
8 is defined as the angle which the field makes with

. respect to initial spin quantization axis. As we
shall see, the experimental adiabaticity param-
eter for the fields of Fig. 1 shows relatively good
agreement with the LZS model parameter used by
HRT.

The field rotation rate d8/dt may be trans-
formed to a, spatia, l rotation rate d8/dz by intro-
ducing the atomic beam velocity v. For the case
of our flopper, with two long, oppositely wound
solenoids, the adiabaticity parameter may be ap-
proximated near the flopper center by

o. = o.,p'/sin'8 .
This expression was used by HRT in their LZS-

model calculation. ' Here the para. meter a, = v~R/
v, where e~ is the spin Larmor frequency, v
is the atom velocity, and R is the mean solenoid
radius, which is related to the slope of the axial
field as it reverses direction. The parameter p
is defined as the atom's distance off the flopper
axis divided by 2R. The flopper transverse mag-
netic field near the axis is determined mainly by
the p value while the axial field is assumed in-
dependent of p.

The adiabaticity parameter n is smaller by
several orders of magnitude in the nonadiabatic
region (near the flopper center) as compared with
the adiabatic region (away from flopper center).
Thus, for convenience, we show in Fig. 2 a plot
of the inverse of a as a function of axial distance
on either side of the zero axial-field point, for an
assumed beam velocity of 1 && 10' cm/sec. The ex-
perimental points are fitted quite well by the theo-
retical expression for 1/a (the solid line) if an
effective p value is choosen to be 1.07 times the
measured p value. As mentioned above, the ex-
perimental and theoretical values for n agree much
better than do the experimental and LZS-model
magnetic fields. Since we expect transitions to be
induced mainly in the region of large values of 1/
n and the transition probability to be predominantly
controlled by the value of o.', we conclude that our
flopper provides a reasonable experimental ap=
proximation to the LZS model used in the HR'T cal-
culation. '

During the experiment, we measured the axial
transverse magnetic fields along the entire beam
axis from production to detection regions. In this
way, we discovered a second well-localized non-
adiabatic region near the entrance to the flopper,
in addition to the primary nonadiabatic region at
the center of the flopper. This spurious nonadia-
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batic region arises from the production region-
where a transverse field of the order of 600 6 must
be rotated to an axial field of a few gauss upon en-
trance to the flopper. Due to design limitations, it
was not possible to accomplish this rotation adia-
batically. 'Thus, instead of trying to eliminate
the spurious region, we made it as nonadiabatic
as possible (n &0.15) over the range of field
strengths used in the flopper. The major effect
of the spurious region was then to change the
initial 2'S, &, state populations upon passage
through the primary nonadiabatic region from the
m =+1 and m = 0 states equally populated to the
m = -1 and m = 0 states equally populated. 'This
sudden spin inversion is important later when we
discuss the phase relations between the various
m states generated by their coupling to the mag-
netic field. Finally, our field measurements also
showed that with zero current through the flopper
solenoids and all other fields at typical operating
points, there was present in the flopper a residual
axial field of 0.25 G. This is also significant in
the data analysis of Sec. III.
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FIG. 3. The P(B) state population indicated by the
circles as a function of the Qopper current with the dark
line the LZ term fit.

III. DATA AND ANALYSIS

Figure 3 shows a typical P(B) "production curve, "
i.e., the fractional P(B) population relative to the
total O'S, &, population as a function of current in
the flopper. Figure 4 shows a typical time-of-
flight curve for the P(B) state taken immediately
after the production curve. In principle, the struc-
ture on both curves may be enhanced in two ways:
by reducing the transverse dimensions of the beam
(appropriate beam collimation), and by reducing
the beam's natural thermal-velocity distribution
(suitably gating the detector). We tried both meth-
ods, but the structure of the curves was not ap-
preciably improved because of low signal-to-noise
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FIG. 4. The time-of-Qight distribution of the p(B)
state with a flopper current of 27.5 mA and 0.59 p, sec/
channel.
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x (1 e-"~')'~' cos(X, —y),
where A = ~cop' and

a/2
a(8) d8.

The value of o.'varies smoothly from &/4 to zero
as A increases from zero to infinity. The argu-
ment X, as defined above diverges and is not ap-
plicable as discussed by HR'T. We shall use a
finite cutoff method similar to that discussed by
HHT but with one modification. The model de-
fines a cutoff point Zo =R, the mean solenoid ra-
dius; however, since our fields do not exactly
coincide with the model, we assume the cutoff
point to be a variable of the order of R. The in-

ratios. . Thus we must average the theoretical P(B)
population over both the beam velocity distribution
and the finite beam size. We discuss these avera-
ging procedures later in. this section.

Immediately, we note that no transitions are in-
duced until the flopper current reaches about 2 mA.
'The residual magnetic field requires 2.3 mA of
current before the axial field is driven to zero and
reverses direction. We also note that the pre-
viously mentioned spurious region did not appear
either until this current was reached. From thi. s
current on, the spurious crossing point remained
nonadiabatic until a current of 50 mA was reached
and a became greater than 0.15. The net effect
of the residual field is to cause an offset in the
current of 2.3 mA.

The induced P(B) state population from HRT with
the initial conditions that the E = 1, m = —1, 0 states
are equally populated is
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tegration for X, then yields X, = a,f(Z, , p), where

K(Z„p) = [Z, (Z,'+ p'R')'~'+ (pR)'

x ln([Z, + (Z,'+ p'R')' ']/pR} ] /2R'. (2)

ALz =' [1 —(1 —e "0)/A, ],
where A, =ra, po. The osc term could not be in-
tegrated analytically and therefore was per-
formed numerically. The velocity averaging was
also done numerically by fitting the time-of-flight
distribution of the 2'8, &, state with a Gaussian
function and then integrating. We found that the
velocity averaging of AL~ yielded results within
0.5/0 of those obtained by simply evaluating a, at
the peak time of flight v, (v, = d/&o, where d is the
distance from production to detection). Therefore
we used Eq. 3 with a, evaluated at ~, to curve fit
the P(B) production curve as shown by the solid
'line in Fig. 3. We allowed p, to vary to obtain the
best fit and then used p0 in the averaging of the
oscillatory term. The term A„~ was then sub-
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FIG. 5. The oscillatory portion of the P(B) state popu-
lation of Fig. 3 with the dark line the best fit with 7 p

=95 psec, p0=0.50, andz0=1. 80 cm.

The P(B) state population (Ect. 1) is the sum of
two terms that may be treated separately. The
first term on the right hand side of Eq. 1 is- a
smooth nonoscillatory function independent of Z, .
We choose to denote this term as ALz because of
its similarity to the Landau-Zener (LZ) level cros-
sing solution. The second term is a damped oscil-
latory function that is dependent upon Z, . This
term is referred to simply as the oscillatory term
(o sc) . Thi s simplif ies the analysis of the data as
each can be averaged separately and the LZ term
subtracted to yield the oscillatory portion. The
averaging over the beam size assumes a uniformly
dense circular cross section with a maximum ra-
dius defined by p, =r, /2R. The term A„z may be
integrated to yield

TABLE I. Data summary table.

Flopper curves Zo(cm) ro( psec)

I
II
III

Averaged

0.50+ 0.01 1.80+ 0.05
0.53 + 0.01 1.81,+ 0.05
0.51+ 0.01 -1.77 + 0.05
0.51+ 0.02 1.79 + 0.05

95.0
97.0

100.0

tracted from the data and is shown in Fig. 5. The
solid line is the theoretical fit found by varying

The value of p, was taken from the LZ term
fit and &, was found experimentally from the time-
of-flight (TOF) distribution. Table I summarizes
the results from three typical runs with different
peak times-of-flight.

The averaged experimental values of 0.51 for

p0 and 1.79 cm for Zp are approximately twice the
expected values of 0.2'7 and 0.99 cm, respectively.
As a check on these values for p, and Z„ the peri-
od for the oscillations observed in the TOP distri-
butions were calculated using these values. The
calculated periods were within 8% of the observed
periods: this indicates good agreement consider-
ing the small amplitudes of the TOF oscillations.
'The period of the TOF oscillations could not be
determined to better than 10%.

'The fact that p, and Z, are approximately twice
as large as expected is surprising. We attempted
to explain the discrepancy of p, by varying the
beam cross-section density and shape. We could
not bring the values of pp closer to the expected
0.27. Assuming misalignment between the beam
and flopper also gave no improv. ement. Even
rounding off the "corners" of the model field (so
there is a smooth transition from adiabatic to
nonadiabatic and back again) gave no .significant
change in p, . At preserit this discrepancy is un-
resolved and we are inclined to blame the spurious
nonadiabatic region. 'The fact that Z, is also about
twice as large as expected may not be surprising
since our analysis to this point does not take into
account the smooth transition between adiabatic
and nonadiabatic regions. 'The interesting point
here is that HRT predict that the period of the os-
cillations should be dominated by the adiabatic
region prior to entry. 'The reason is that the ac-
cumulated relative phase between the substates is
linear in the applied field and hence the current.
An order of magni:tude calculation yields oscilla-
tions due to this accumulated phase of about 8 the
observed period or the period due to the nonadia-
batic region. It is not clear why we do not observe
these high-frequency oscillations. We can say,
however, that the presence of the spurious non-
adiabatie region complicates the determination of
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the iriitial phases of the nz„= 0 and -1 amplitudes,
and it may destroy the oscillations in question.

IV. CONCLUDING REMARKS

We conclude that we have achieved semiquantita-
tive understanding in detail of nonadiabatic transi-
tions in inhomogeneous magnetic fields. 1he ex-
perimental data can be fitted by the model of HRT.
The discrepancies between the experimental values
for p, and Z, and the theoretical values may be due

to the spurious nonadiabatic region. Efforts to
eliminate this region are continuing in the hope of
obtaining better agreement with theory. Presently,
the other state populations (I' = 1, m~=+1, 0) are
being investigated to see if they too argue with the
model of HRT.
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