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The lifetime of 800-MeV H™ ions against electron detachment in a static electric field was measured over a
range of eight orders of magnitude in experiments at the High Resolution Atomic Beam Facility of the Los
Alamos Meson Physics Facility. The ions traversed a linear gradient magnetic field of 1.3-T peak strength
resulting in a 6-MV/cm peak rest-frame electric field capable of stripping a large fraction of H™ ions. The
unstripped H™ ions, neutral H® atoms, and protons were detected 5.5 m from the magnet. This spectrum was
analyzed to determine the lifetime of the H™ ion versus electric-field strength and the results were compared
with previous studies. Three parametrizations of the lifetime formula based on an existing theory were used to
calculate the stripping probability. The data were fit to the lifetime formula and good agreement with theoreti-
cal predictions was found. Finally, a possible experiment for observing excited states of H™ is briefly dis-

cussed.

PACS number(s): 34.90.+q, 41.75.Cn, 32.70.Cs, 32.80.Gc

L. INTRODUCTION

The lifetime of the only experimentally observed bound
state of the H™ ion (152 S) against electron detachment in
an electric field has been investigated by theoreticians and
experimentalists for years [1-3]. The electron affinity of this
state is 0.75419(2) eV [4,5]. The low binding energy imposes
constraints on the strength of bending magnets and beam
energies of accelerators using this ion. If the motional elec-
tric field produced by a bending magnet is too strong, the ion
may strip to neutral H causing problems for the accelerator.
In this work, the transformation of a magnetic field to a
strong rest-frame electric field is used to our advantage. The
motional electric field produced with our laboratory mag-
netic field is capable of ionizing the H™ ion, and is used to
measure the H™ lifetime in the field. The magnetic field used
in this work increased linearly with distance along the beam
direction (taken to be the z direction) and produced rest-
frame electric-field strengths from 0 to 6 MV/cm. The H™
ion lifetime as a function of field was determined by mea-
suring the population of H™ ions stripped in the field as a
function of distance transverse to the incident beam direction
(taken to be the x direction).

Previous work by Stinson et al. (Ref. [1]) performed at
the Rutherford High Energy Laboratory was at the much
lower beam energy of 49.5 MeV and used a magnet with a
peak field of 2.18 T. A position-sensitive acoustic spark
chamber was used for H™ ion detection. The work of Jason
et al. (Ref. [3]) performed at the Los Alamos Meson Physics
Facility (LAMPF) used much of the same equipment and
similar beam characteristics as were used in our experiment.
The main difference in experimental apparatus between our
study and the Jason et al. study was that Jason et al. used a
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multiwire proportional chamber (MWPC), and we used scin-
tillator detectors.

This study of single electron detachment of H™ in strong
motional electric fields was a byproduct of a study to mea-
sure production of excited H’ states and single and double
electron detachment of H™ using C and Al,O5 foils [6]. Al-
though the main motivation for this set of experiments was
with the interaction of 800-MeV H™ ions with thin foils,
studying the H™ stripping and comparing with previous ex-
perimental results of Jason et al. was useful as a check of our
experimental apparatus.

The second bound state of the H™ ion, the 2p? *P¢ state,
proposed by Holdien [7] and studied by Drake [8], has never
been experimentally verified. Using a variational calculation,
Drake calculated a lower bound on the energy of this state to
be approximately 9.5 meV. The state may be formed by ra-
diative attachment or by collisional excitation with spin flip
from the ground state 'S. The 2p? 3P¢ state could radiate
into the 1skp *P continuum or to the 2s2p 3P autoionizing
state with a lifetime of about 1.73 ns.

The possibility of observing a long-lived (~ 1 ns) state of
H™ produced in a foil was another motivation for the experi-
ment. In the measurement used for determining H™ field
detachment, the H™ beam was incident on a thin C foil (sur-
face density 9 ug/cm?). While the foil was not necessary for
measuring H™ field detachment, it was well suited for the
study since the relatively thin foil stripped only a small frac-
tion of incident H™ ions leaving a large fraction of un-
stripped ions to be stripped in the motional electric field
produced by the magnet. Furthermore, we were interested in
the possibility of observing H™ excited states produced when
an H™ ion beam interacts with a thin foil. We will examine
whether the 2p? 3P¢ state of H™ could have been observed
in our data.
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In all that follows, the direct effects of magnetic fields on
the ions have been neglected; only the motional electric
fields are used in the calculations of the lifetime against field
detachment.

II. THEORY

The lifetime of an H™ ion in a weak static electric field F
was calculated by Scherk (Ref. [2]) to be
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where the spectroscopic coefficient Sy=0.794. The normal-
ization constant N is given by
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where a is a parameter based on the work by Tietz [9], who
developed an ionic potential function used in calculating N.
The ionic potential, representing the average interaction of
the ionic electron with the daughter atom, has the form
Vi(r)=—Vole  */(1—e™*")], where r is the distance from
the ionic electron to the core. The potential function was
required to give the correct electron affinity and to approxi-
mate the Hartree field at large distance, resulting in values of
Vo=682 eV and «=3.81x10% cm™!. The factor p ac-
counts for the polarization of the ionic wave function and has
the value 0.0126 based on perturbation theory. The parameter
ko appears in the ionic wave function (an s wave) whose
asymptotic form is proportional to [ exp(—kqyr)}/r. The factor
ko is determined from the relation k%=2m(—80)/ﬁ2. The
classical outer turning radius z;=—gy/eF. For a field of
2MV/cm, z7 is approximately 38 A. The electron affinity
g, is related to g, and the level shift D(gq) by
g,=—¢eoptD(gg). Scherk estimated the value of D(gg) to
be —0.000 41 eV. The value of S, was obtained by Scherk
using a 49-parameter wave function. Scherk estimated the
lifetime value to be accurate to about 1% for a field strength
of 2 MV/cm.

III. EXPERIMENTAL METHOD

The basic experimental setup is shown in Fig. 1. The typi-
cal momentum spread of the LAMPF H™ beam was esti-
mated to be 5p/p~5X107* based on previous experiments.
The beam energy was not measured directly for these experi-
ments, but a nominal value of 7972 MeV was typical for
the High Resolution Atomic Beam Facility (HIRAB) labora-
tory at LAMPFE. The macropulse rate was 118 Hz, and the
macropulse length was 725 us, with a hybrid structure con-
sisting of a repeated pattern of 35 ns of 5-ns spaced micro-
pulses, followed by 65 ns without micropulses.

The strong rest-frame electric field used to strip the H™
ions was produced with a laboratory electromagnet. Accord-
ing to the Lorentz transformation, a laboratory magnetic field
By,, produces a rest-frame electric field,

Frest: ‘yVX Blab ’ (3)
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FIG. 1. (a) Schematic diagram (roughly to scale) of experimen-
tal apparatus showing the beam line, the stripping magnet, and lo-
cations of the detectors. The H™ beam of nominal energy 797 MeV
impinges on the foil upstream of the linear gradient magnet
“Gypsy” where the H™ are stripped. Scintillators S1 and S2 form a
fixed telescope in coincidence with the scanning scintillator H2. A
second scanning scintillator H1 shown in the figure was not used in
this work. (b) Diagram showing the possible outcomes of interac-
tions of H™ incident on the foil followed by traversal through the
field of the “Gypsy” magnet. The various charge states are sepa-
rated and detected 5.5 m from the peak magnetic field with the
scanning scintillator H2 in coincidence with two wide fixed scin-
tillators S1 and S2 covering the whole spectrum. The scanning
scintillator travels in fixed increments along the x direction, the
magnetic-field points in the negative y direction, and the incident
beam defines the z direction. (c) The magnetic field of the “Gypsy”’
magnet (negative y direction) as a function of distance along the
beam direction (z direction), for a fixed voltage drop across the
shunt through which that current that excited the magnet passed.
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where v is the ion’s velocity in the laboratory frame,
y=T/Mc*+1, T is the kinetic energy of the beam, and
Mc? is the rest energy of the H™ ion. For a beam energy of
797 MeV (y=1.85), a 1 T laboratory magnetic field results
in a rest-frame electric field of 4.67 MV/cm.

The magnet used for the experiments is called the
“Gypsy” and is the same magnet used by Jason ef al. (Ref.
[3]). The Gypsy is a half-quadrupole magnet turned 90° from
the usual orientation of a quadrupole producing a field that
increased linearly with distance, as shown in Fig. 1(c). The
field was set remotely to approximately 13 kG and the peak
field was monitored with a shunt resistor whose output volt-
age was used in the calibration of the magnet. The field
direction (y direction) was downward, perpendicular to the
laboratory floor.

A 5-m-long stainless steel, rectangular cross-section drift
tube was located downstream of the magnet. The 5-mil-thick
aluminum exit window stripped all particles of electrons.

Scintillators downstream of the exit window were used to
detect the protons derived from unstripped H™ ions and neu-
tral H® atoms as shown in Fig. 1(a). Scintillators were chosen
instead of a wire chamber for their simplicity, linear response
for high counting rates, and faster readout time when
coupled with standard CAMAC electronics. Two wide scin-
tillators (called S1 and S2) in fixed positions and in temporal
coincidence with a 5.84-mm-wide “scanning” scintillator,
called H2, were used to obtain the spectrum shown in Fig. 3.
The scintillators S1 and S2 counted all particles emerging
from the exit window and were used for normalization. The
normalized spectrum shown in Fig. 3(a) is the coincidence
between H2, S1, and S2, divided by the coincidence between
S1 and S2, denoted by (H2+S1+52)/(S1+S2). A second
scanning scintillator, called H1, used in the foil studies (Ref.
[6]) was not used in this experiment. The coincidence be-
tween scintillators H2, S1, and S2 discriminated against un-
wanted background signals. The scanning scintillator was
mounted on a translation stage coupled to a drive screw. The
drive screw was turned by a stepper motor controlled by a
personal computer. The two wide scintillators S1 and S2
covered the entire exit window and counted all unstripped
H™, H° and H" particles. A data point was taken at a fixed
H?2 location until the S'1 signal reached a set maximum num-
ber of counts (about 650 000). With the beam parameters
listed above, the probability of double counting was below
1074, After completing an individual point, the personal
computer-actuated stepping motor moved the scanning scin-
tillator 3 mm along the x direction and another data point
was recorded until the region from the H™ peak to the proton
peak was covered as shown in Fig. 3(a).

The personal computer also controlled the data acquisi-
tion via interface with standard fast electronic components
(CAMAC modules). The HIRAB laboratory beam line pres-
sure was approximately 10”7 torr.

IV. DATA ANALYSIS
A. Calculations based on dP/dx vs x for stripped H™

There were two main parts of the analysis procedure. The
first was to calculate the stripping probability as a function of
field, and the second was to determine the distribution of
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stripped H™ as a function of distance along the travel direc-
tion of the scanning scintillator.

The parametrized lifetime formula of Scherk (Ref. [2])
was used to calculate the H™ stripping probability as a func-
tion of field. The probability density distribution function
was calculated for a grid of parameter values, as described
below, and the calculations were then compared with the
experimental results. This technique is different from the
analysis of Stinson et al., who calculated the lifetime in two
ways, called the “strip” and “integral”” methods. The “strip”
method used only the center region of the observed spectra,
and the “integral” method depended on the total number of
stripped ions in the spectra. The technique of fitting the prob-
ability density distribution function directly (that is, without
integrating the probability density distribution function) is
useful since it is possible to determine systematic differences
between the data and the Scherk theory as a function of field.

The magnet map was divided along the z direction (inci-
dent beam direction) into cells of uniform size. The decrease
in population AP of H™ due to electron detachment through
the ith cell is given by

A,
AP;=Pg exp| ——|, “)

Ti

where P, is the population entering the cell, Az; is the rest-
frame transit time through cell i, and 7; is the rest-frame
lifetime in cell i. 7; depends on the electric field F(z;) and
other variables in the lifetime formula, depending on param-
etrization. The H® atoms derived from H™ ions that decayed
in cell i were detected uniquely at scanning scintillator loca-
tion x; .

The number of H™ ions expected to decay would depend
on the lifetime formula [Eq. (1)], which was parametrized in
three different ways. The simplest parametrization (denoted
P1), an approximation to the lifetime formula, was

a b
=% exp( F) , 5)

where a and b were constants whose values were to be de-
termined. Jason et al. also used the parametrization P1 of
Eq. (5).

The second parametrization used (denoted P2), also an
approximation to the lifetime formula, was

ap bF
= T=9FF e""(F)’ ©

where 7 has the value 1.4901X 107 '° m/V when the theo-
retical values of Sy, €g, p, and «, cited by Scherk, are used.
This parametrization was used to determine the effects of the
field dependence on the factor multiplying the exponential.
For 797 MeV, the factor 7 equals 7X1072/T in the lab
frame, and is non-negligible in the case of strong fields.

Finally, the lifetime formula [Eq. (1)] was written in terms
of e=—gy, a, and S as
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This parametrization, denoted P3, made no approximations
to the lifetime formula of Eq. (1).

The second part of the analysis procedure concerned the
trajectories of the various charge species through the magnet
and to the detector plane. The calculations were done in the
laboratory frame where the equations of motion were simple.
The trajectory calculation was based on the Gypsy magnet
field map measured in i-in. (6.35-mm) intervals for 825.5
mm. A cubic spline fit to the field map composed of 1651
points (for 0.5-mm intervals along the z direction) was used
initially as input to a spreadsheet program that calculated the
probability density distribution functions for the stripped
H™ based on the lifetime formula. The trajectory algorithm
was checked for the case of a constant and static field, where
the analytic solution was compared with the discrete step
algorithm. The analytic calculation and the discrete-step al-
gorithm agreed. An algorithm was also written for the case of
a uniformly ramped field and the stepwise method agreed
with the analytical result. The constant field algorithm, with
an average field computed for each cell, was compared with
the ramped field algorithm for the case of a ramped field and
the two agreed within a few parts in 107. After these initial
tests, the step size in the linear region of the field map from
0.4 to 1.25 T was reduced to 0.05 mm resulting in a lower
x? as compared with the coarser step size. The results re-
ported use the 0.05-mm step size in the linear region of the
magnet map.

The trajectory calculation described above was based on a
single-ion code. In order to compare the theoretical predic-
tions with the experimental data, the finite beam width
[~1 mm full width at half maximum (FWHM)] and the
detector response function were convolved with the theoreti-
cal predictions. The detector response function and the ion
beam width were determined from a multiparameter fit using
a modified Levenberg-Marquardt algorithm [10] on data ob-
tained in runs taken with a small step size designed to deter-
mine the beam profile. The detector was modeled as having a
straight-edged response with a Gaussian top, and both the
width of the straight-edged part and the Gaussian width were
varied. The ion beam was assumed to be Gaussian. The two
other variable parameters were an arbitrary normalization
factor and a shift parameter which specified the peak of the
convolution. The beam width and the detector response func-
tion parameters from the fitting procedure were used later for
convolving with the theoretical probability distribution func-

tions. The detector width determined from the fit was close
to the measured width of the plastic scintillator material of
the scanning scintillator, and the beam width was also close
to the width measured in previous experiments.

The peak separation depended on the field setting and the
beam energy. The voltage drop across a calibrated shunt was
used to indicate the peak field of the magnet. When the cal-
culations for different beam energies were made, the distance
from the Gypsy magnet to the detector was adjusted (~6 cm
in the z direction) to match the observed H° to H' peak
separation.

The x positions of the theoretical predictions for each pair
of fitting coefficients and a fixed magnetic-field setting were
matched with the experimental data and a x> was calculated
with the goal of finding the coefficients that would minimize
the x2. The standard deviations of the data points were rela-
tively low due to the high number of particle counts obtained
for each experimental data point. A x? surface for beam en-
ergies of 795, 797, and 799 MeV was calculated using 36
experimental data points.

B. Analysis of the Stinson et al. results

We used the lifetime values of Stinson et al. to determine
the parameters a and b of P1, ar and b of P2, and S, and
e of P3. Stinson et al. obtained lifetime values as a function
of field in two different ways, called the “strip” and ‘‘inte-
gral” methods. The fitting results for both methods are
shown. Seven experimental data points were obtained (with
one of the field values repeated) in the Stinson et al. study.
The rest-frame electric fields ranged from 1.867 to 2.140
MV/cm with corresponding lifetimes of 416—19 us. Calcu-
lations of y? surfaces were made for P1 and P2 and the
results, presented in Table III, will be discussed below. The
relative insensitivity of the lifetime to the parameter a in P3
allowed a x? surface to be calculated for the remaining pa-
rameters S, and €.

V. RESULTS AND DISCUSSION
A. Results based on fitting the dP/dx distribution

The results of calculations for fitting the d P/dx distribu-
tions for parametrizations P1 and P2 to data of the present
experiment are presented in Tables I and II and in Fig. 2. The
reduced X2 for P1 was 1.18, which was higher than that for
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TABLE 1. Fit to the lifetime formula 7= (a/F)exp(b/F) of the
data obtained in this experiment is compared with previous experi-
mental results of Jason et al. (Ref. [3]), which include the results of
Stinson et al. (Ref. [1]). The uncertainties (shown in parentheses)
for this work are based on a 1o confidence level in the x? contour.
The rest-frame lifetime 7 based on the fitting results for a field of
0.5 MV/cm is also shown.

Parameter This work Jason et al.
a (107 s V/m) 3.073(10) 2.47(10)
b (10° V/m) 4.414(10) 4.49(1)
reduced x? 1.18 1.1

7 (1071 ) 4.19 3.92

the other two parametrizations. Table I shows the best-fit
results for P1 to our data. The strong correlation between the
fitting coefficients, noted by Jason ef al., is shown in Fig.
2(a). The correlation is due to the presence of the value of
the binding energy in both coefficients.

By taking into account the field dependence of the preex-
ponential factor, a better fit to the data was obtained. Table II
shows the results of the fits using the parametrization P2.
The minimum reduced y? for this parametrization was 1.09,
an improvement over the previous parametrization. The dif-
ference in the best-fit parameters for the two parametriza-
tions reflects the inclusion of the field dependence of the
preexponential term. Again there is correlation between the
fitting coefficients. The binding energy & obtained from the
fit using the value of the coefficient ar=4.448X10° V/m
(neglecting the dependence of the binding energy on the pre-
exponential term) was 0.751 eV, as compared to the lower
value of 0.747 eV determined from the parameter
a=4.414X10° V/cm of P1. The lower reduced x? value and
the better agreement of the binding energy with the theoreti-
cal value make the second parametrization preferable to the
first for this range of fields.

The results for the lifetimes based on parametrization P3
were similar to those for the parametrizations P1 and P2.
Since the Scherk theory was developed for a weak field, it
was instructive to investigate how well the theory agreed
with the experimental data as a function of field. Figure 3(a)
shows the entire experimental spectrum. Figure 3(b) shows
the part of the spectrum derived from H™ stripping plotted
with the best fit of the theory for P3 at 797 MeV. The dif-
ferences between the experimental data and the results of the
fits divided by the standard deviations of the experimental
points (the residuals) are also shown. There is no systematic
deviation from the theory for the fields we investigated, as
indicated by the randomness of the residuals. The x? contour
plot for parametrization P3 at 797 corresponding to Fig. 3(b)
is shown in Fig. 3(d).

TABLE II. Fit of experimental data obtained in this work using
the parametrization P2, 7=[a; /(1 — nF)Flexp(by/F). The uncer-
tainties are shown in parentheses.

Parameter This work Scherk theory
ap (1078 s V/m) 2.653(10) 2.66
bp (10° V/m) 4.448(7) 4.474
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FIG. 2. The x? contour plots for the fits of the two parametri-
zations of the lifetime formula (a) 7=(a/F)exp(b/F) and (b)
7=[ap/(1— nF)F]lexp(bgr/F) for a beam energy of 797 MeV. The
darker interior region is the 1o confidence interval, and the outer
gray region is the 20 confidence interval. The jagged nature of the
confidence intervals reflects the graininess of the calculations.

The minimum reduced x? was 1.11 for P3, nearly the
same as for P2. The x? analysis for this parametrization
gave a value for the parameter of & of 0.752 35(35) [which
gives an electron affinity of 0.752 75 eV, 0.3% lower than the
experimental value of Lykke et al. (Ref. [5])] and a value of
So=0.783(5) in reasonable agreement with the value 0.794
from the 49-parameter wave-function calculation of Scherk
(the 20-parameter wave-function calculation of Scherk gave
a value of 0.806). The maximum of the probability density
distribution function occurred at a field of 5.0256 MV/cm,
which corresponds to a laboratory magnetic-field strength of
1.084 T. The lifetime at the peak was estimated to be
4.047x 1071 5.

B. Lifetime of H™ as a function of rest-frame electric field

The lifetime of the H™ ion against field detachment in a
static electric field is shown in Fig. 4. The lifetime shown
there was calculated using the average of the best fits of
parametrization P3 for the beam energies 795, 797, and 799
MeV. The uncertainty was calculated by adding in quadrature
the uncertainties of the lifetimes for the three beam energies
as follows:

ST(F) =3[ 6r(F)P+[8n(F) P +[6m3(F)1*,  (9)

where subscripts 1, 2, and 3 refer to beam energies 795, 797,
and 799 MeV, respectively. The uncertainty for a given beam
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FIG. 3. Results of the fits using the parametrization P3 of Eq. (8). (a) The entire normalized spectrum (H2+S1+52)/(S1+52) vs x
plotted on a log scale. (b) The best fit to the experimental data (linear scale) is shown as a solid line through the experimental data points.
The vertical error bars indicate one standard deviation. (c) Solid circles denote the difference between the best fit of the theory and the
experimental data divided by the standard deviation for each data point (the residual). (d) The black area represents the 1o confidence region
of the x* contour plot for the best fit corresponding to the plot of (b). The jagged nature of the contour plot reflects the graininess of the
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FIG. 4. Plot of the lifetime against electron detachment of
H™ (152 'S) vs rest-frame electric field. The best fit of the Scherk
theory (Ref. [2]) to data obtained in this work is shown as a solid
black line whose thickness is the uncertainty in the lifetime. The
results of Jason er al. (Ref. [3]) are shown as a white line over-
lapped by the black line. The low-field data and standard deviations
(denoted by I) of Stinson ef al. (Ref. [1]) are shown in the inset
with the results of our study depicted as a smooth line with vertical
ticks indicating the uncertainty. The uniform spacing of the standard
deviations along the field axis of our results represents the step size
used in the calculations.

energy was given by the absolute difference between the
lifetime with the coefficients of best fit that gave the highest
and lowest values of the lifetime, based on the 1o confi-
dence region of the x> contour.

Despite the differences in parametrizations, the lifetime as
a function of field agrees well with the previous results of
Jason et al. The lifetime values of Stinson et al. are higher
on average than those obtained in this work in the low-field
region, as shown in Fig. 4.

C. Results of the analysis of the Stinson et al. data

The results of the fits to the Stinson et al. data for P1 and
P2 are presented in Table IIIl. The minimum reduced x?
values of all fits of the Stinson et al. data were higher than
those obtained for the same fits to the present experimental
work and the work of Jason et al. The inclusion of the field
dependence in P2 did not make as significant a difference to
the values of the coefficients as it did for the values deter-
mined from this work since the field strengths in the Stinson
et al. work were at the low end of the field range. These
results of the parameter fits do not agree with the results of
our work, nor do they agree with the Scherk theory. These
experimental points were included in the results reported by
Jason et al., but were not incorporated in our data.



52 i ELECTRIC-FIELD-INDUCED ELECTRON DETACHMENT OF ... 4553

TABLE 1III. Fits of the Stinson etal. data (Ref. [1]) for the parametrizations P1, 7=(a/F)exp(b/F) and P2,
7=[ap/(1— nF)F]lexp(bg/F). The lifetimes were measured in two different ways, called the ““strip”” and ““integral” methods. The value of
the minimum x? per degree of freedom (reduced x?) is also shown. The uncertainties given in parentheses are the ranges of values for which
the x? value increased by 1 from the minimum value. These values of a are higher than, and the values of b lower than, the values for a and
b determined in the present experiment and in the experiment of Jason et al., despite the fact that in the latter case, the data of Stinson et al.

were included.

7=(al/F)exp(b/F)

7=[ap/(1—nF)Flexp(t, IF)

parameter strip integral

a (107% s V/m) 6.9(2.1) 7.9(2.7)

b (10° V/m) 4.296(64) 4.269(84)
reduced y? 4.46 2.30

parameter strip integral

ar (107% s V/m) 6.5(2.0) 7.3(2.4)

by (10° V/m) 4.316(66) 4.279(71)
reduced x> 4.45 2.29

The fit of the Stinson et al. data to P3 produced values of
the fit parameters Sy and & considerably lower than the theo-
retical values, and reduced y? values higher than those ob-
tained for the data of this work. The parameter S, determined
from the fits was nearly three times smaller than the calcu-
lated value, and in disagreement with the present results. In a
second set of calculations, the parameter S, was fixed at
0.794 (the value calculated by Scherk), and the parameter
& was determined for both sets of Stinson et al. results. The
“strip”” method gave the value of € =0.754 73(71) eV with a
reduced x> of 5.70, and the “integral” method gave
£=0.754 94(25) eV with a reduced x? of 3.74. Adding the
contribution of the level shift (estimated by Scherk to be
—0.000 41 eV), the electron affinity &, of the H™ ion based
on the “integral’”” method value is 0.755 35(41), about 0.15%
higher than the measured value of Lykke ez al. These values
for the electron affinity are for the case where all parameters
except £ were held fixed. Even with these constraints im-
posed, the reduced x? values were much higher than those
obtained in the Jason er al. study and in our work:

D. Experiments for detecting H™ excited states

The experimental technique used in this work may be able
to be used to detect putative long-lived (~1 ns) excited
states of H™ below the H (n=2) threshold. Each of these
states is very weakly bound and would strip at low fields,
appearing as a shoulder on the peak due to undeflected H°
states. About half of the 2p? *P° state population with a
1.73-ns field-free lifetime produced in a foil one-half meter
upstream of the Gypsy magnet would decay before the mag-
net.

The surviving excited-state ions would bend slightly in
the fringe field of the Gypsy magnet before stripping and
could possibly be detected downstream. We used the recent
calculational results of Ho [11] to investigate whether we
could observe any of these excited states with the apparatus
described in the present work.

The lifetimes of the various excited states were reported
by Ho at discrete field values. We fit the lifetime values of
the M =0 component of 2p2? 3P¢ and the M=*1 compo-
nents of 2s3p 3P°(2), the two most robust states against
field detachment, to the functional form of P1 [Eq. (5)]. The
lifetimes of the other states reported by Ho were so short that
they would strip almost immediately in the Gypsy fringe

field and would be indistinguishable from the central H®
peak. The best fit of the M =0 component of the 2p? >P¢
state was a=1.073X10"% sVm™' and »=6.731x10""’
V/m, and a=1.289X10"* s V/m and »=3.516X10"7 V/m
for the M ==*1 components of the 2s3p 3P°(2) state. The
fitted lifetimes of these states were used to calculate the
probability density distribution functions calculated through
the Gypsy magnet for peak fields of 0.6 and 1.3 T. The 0.6-T
field setting was used in the related foil experiments (see
Ref. [6]). The results are shown in Fig. 5. The peaks of the
probability density distributions for these two states through
a 1.3-T peak Gypsy field would appear about 3 mm away
from the HC peak, but almost overlap each other. It is pos-
sible that with a fine step size, a narrow detector, and a
well-collimated beam, a peak this far from the central H°
peak could be distinguished. However, particles detected
here could also come from a halo beam due to gas stripping,
and from H® (n=3) Stark states stripped in the rest-frame
electric field of the Gypsy magnet. Further, since these peaks
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FIG. 5. Predictions for probability density distribution functions
using the present experimental apparatus for the M =0 component
of the 2p3 3P¢ and the M= *+1 components of the 2s3p >P°(2)
states of H™ for Gypsy magnet peak field settings of 0.6 and 1.3 T.
The lifetime values are based on fitting the calculational results of
Ho (Ref. [12]) to the function 7= (a/F)exp(b/F). Curves (a)
through (d) are for the following states and field values: (a)
2p23P¢ at 0.6 T, (b) 253p 3P°(2) at 0.6 T, (c) 2p? *P¢ at 1.3 T,
and (d) 2s3p 3P°(2) at 1.3 T. The x locations of the peaks of the
curves are at 0.65, 1.40, 2.83, and 3.02 mm, with FWHM values of
1.4, 1.07, 0.70, and 0.86 mm, respectively.
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nearly overlap, deconvolving them from each other would
add uncertainty in determining the absolute fractions of these
states.

In order to distinguish the dP/dx curve due to excited
states of the H ™ state from the unstripped H peak, indepen-
dent measurements of the beam profile and detector response
function would have to be made. A narrow scintillator taking
data in very fine steps, and a very well collimated H™ beam
would be needed for the experiment. Also, since a halo beam
of neutral H® produced during gas stripping may dominate
the signal from the excited-state H™ signal, it is imperative
to reduce the background pressure as much as possible.

The 2p? 3P¢ state could also be revealed in a photode-
tachment experiment. Theoretical predictions of the photode-
tachment cross section for the process

H 2p2(CP°)+y—H(2s2p)+e” (10)

have been reported recently [12] and compared with earlier
work [13]. Ho’s semiempirical, adiabatic hyperspherical cal-
culations with photon energies from threshold to 3.40 eV
predicted a detachment cross section of 428 Mb at 25.7 meV
above threshold. A relativistic H™ beam could interact with a
thin foil where the excited H™ states would be produced by
collisions with foil atoms. Immediately downstream, the ion
beam would be intersected with laser light as has been done
in a previous series of experiments [14]. By changing the
intersection angle of the ion and light beam, the rest-frame
frequency of the light would change and the cross section for
the process could be mapped out by measuring the photode-
tached electrons. For a 10.6-pm (CO,) laser beam intersect-
ing at 90° to an 800-MeV H™ beam, the center-of-mass pho-
ton energy is 0.22 eV, corresponding to a cross section [13]
of about 2 A2,

The photodetachment technique could prove to be more
sensitive than the experiment described above since it does
not require separating peaks due to the excited state of H™
from the nearby H® peak and the signal from the electric-
field stripping of excited H states. The photodetachment ex-
periment’s results would not depend on the H° signal pro-
duced from gas stripping. For these reasons, the
photodetachment technique is preferable to the electric-field
detachment techniqued in this work.

VI. CONCLUSIONS

The lifetime of the H™ ion in an electric field has been
measured over a range of eight orders of magnitude and has
been compared with previous results. The lifetime as a func-
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tion of electric-field strength derived by Scherk agrees rea-
sonably well with our experimental values based on fitting
the probability density distribution function for stripped
H™. Three different parametrizations of the lifetime formula
of Scherk, P1, P2, and P3 were used. A detailed analysis of
the probability density distribution function reveals that the
Scherk theory does not show systematic deviation from the
experimental values for fields employed here. The lifetime as
a function of field agreed within error bars with the previous
results of Jason et al., although the fitting coefficients do not
agree within error bars. Taking into account the field-
dependent prefactor 1 — #»F in parametrization P2 improved
the fit to our data. An estimate of the electron affinity agreed
reasonably well with the measured value of Lykke et al., and
the value of the parameter S, agreed reasonably well with
the calculation of Scherk. A finer step size in the magnet map
improved the agreement between theory and our experimen-
tal results.

Also, the data of Stinson ef al. were analyzed based on
the same three parametrizations of the lifetime formula. The
results for the parameters of P1 and P2 did not agree with
the present work, nor with the Scherk theory. When param-
etrization P3 was used, where Sy and & were allowed to
vary, the results gave a much lower value for the parameter
Sy than was obtained in our work and was estimated by
Scherk. When only the parameter € was allowed to vary, a
reasonable estimate of the electron affinity was obtained.

The possibility of observing long-lived H™ excited states
was considered. We saw no evidence of excited states of
H™ in our data. Although a more sensitive version of the
field stripping technique used in this work might reveal such
excited states, photodetachment is probably the preferred
technique.
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