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Measurement of H™, H°, and H* yields produced by foil stripping of 800-MeV H™ ions
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Measurements of H stripping and H excited-state production for a wide range of foil thicknesses and
experimental conditions are reported. An 800-MeV beam was passed through carbon or aluminum oxide
foils of thicknesses ranging from 10 to 55@/cn? and the excited states produced were analyzed by field
stripping in a special magnet downstream of the foil. The foil thicknesses were independently determined. The
HO atoms emerging in excited states with-2 can be stripped to protons in fields of up to 1.3 T. The yield of
excited states as a function of foil thickness and the cross sections for the various interactions are presented.
The cross-section ratio of double to single ionization of id carbon is found to bél.8+0.9)%.

PACS numbe(s): 34.50.Fa

[. INTRODUCTION stripped of its electron at a different point in the motional
field. The relative abundance of each state can be determined

Intense perturbations with very rapid onset and turn off by the resulting distribution of proton trajectories. That the
persisting for up to several femtoseconds, are applied to reldoosely bound H ion (with a binding energy of 0.754 gy
tivistic H™ ions passing through a thin foil. Can the jumble Whose outer electron occupies a volume on the order of eight
of electromagnetic impulses received by this simple two-imes that of the carbon atom, makes it through the foil intact
electron system be interpreted as a series of incoherent inteit all is quite interestingFig. 1). Interaction times are on the
actions with individual atoms? Are coherent interactions withorder of 0.1-5.7 fs. When a beam of libns passes through
several atoms, or indeed, an entire string of atoms involved? foil, 50”19 lons are_str.lpped of both' electrons to become
In order to study experimentally the nature of the interactionProtons(H") with a stripping cross section ef_. some are
we have continued a series of measuremgtitef the reac-  Stripped of one electron to become hydrogen atphifén)]
tion products emerging from carbon foils through which 800-With a stripping cross section of_,, and some pass through
MeV H™ ions pass. A theoretical simulation of the transmis-the foil unscathed. As (!:,'9- 2 shows, there are other possible
sion process can be found in the accompanying pijewe  interactions, such as a'tth n=1or 2_(|n our measurements,
have also made some initial studies with aluminum oxide/Ve are unable to distinguish thedeeing excited to a higher
(Al,0,) foils. We have determined the absolute ratio of pro-Staté with an effective cross sectiony,. _ _
duction of protons and Hatoms, including excited states,  When the H atoms enter a magnetic field, in their rest
and the attenuation of Has a function of the foil thickness. frame they are subjected to, in addition to the magnetic field,
In this paper we report on the yields for the principal quan-& Motional electric field;,, given by[5]
tum stategshelly of hydrogen, designated by the quantum
numbem. From fits to rate equations we have interpreted our
results in terms of atom-atom cross sections. Fion=¥BCBiap, @

The present study was prompted by the problem of first-
turn losses at the Proton Storage Ring at the Los Alamos
Meson Physics FacilityLAMPF). All evidence to date sup-
ports the hypothesis that most of the observed first-turn
losses are caused by the ring bending magnets field-ionizing
excited-state Matoms that are not stripped by the foil. These
protons soon collide with the wall of the ring because they
are produced at a point where their trajectories are outside
the acceptance of the rifé,4].

Our work differs from previous measurements of H Carbon Foil
beam-foil interactions at LAMPEL] by the introduction of a
linearly ramped magnetic field downstream of the beam-foil FIG. 1. The relative sizes of the outer electron orbits for the H
interaction region. This ramped field allows us to sort out theion and the carbon atoms comprising the foil. How can thie H
excited states of hydrogen, since each excited state ismerge intact?
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trajectories back to the field strength at which they stripped.
This critical field strength then indicates the quantum state of
the H (Fig. 3).

We fit our measured yield curve in terms of simple rate
calculations based on the assumption of one or more inco-
herent atom-atom interactions in the foil.

Il. MODEL

It is instructive to consider a simple rate model of the
interactions. A more detailed analysis of these phenomena
using transport theory has been developed by Gervais, Rein-
hold, and Burgdder [2]. We assume that the Hand its
various stripped states interact with individual carbon atoms.
The interactions are described in terms of cross sections.
This model implicitly assumes that phases are not relevant
from one interaction to the next as the ion and its products
pass through the foil. In this sense, this model is incoherent,
even though, as demonstrated in the accompanying theoreti-

FIG. 2. Road map of the important interactions occurring when
a relativistic H passes through matter. Collisions that lower the
principal quantum number have not been considered.

whereF is in V/m andB is in teslas. The ion velocity is
perpendicular tdB,,,. The symbolsy and g8 are the usual
relativistic parameters of the beam. For an 800-MeV H
beam,3=0.84 andy=1.85. Thus a magnetic field of 1 to
transforms to an electric field of 4.7 MV/cm in the rest frame
of the ion. This intense electric field causes the atom to be

cal analysis[2], collective effects must play a role. Our
model is essentially that discussed by Mohaghelal. [1]

with the addition of the possibility of a two-step process for
n=3. Our measurements do not distinguish betwaetl

and 2 as the fields available were not strong enough to strip
n=2

Thus the probability _(x) that the H remain intact after
passage through an areal densitpf foil material is given

by

y_(X)=Ae P7-X, 3

come unstable since the electron can tunnel through the po-

tential barrier. lonization will proceed rapidly at a critical W

field (V/cm) given, to first order, by6]

_ 5.142 10°
B on*

c )

wheren is the principal quantum number of the spherical

hereA is nominally unity, although we retain it as a fitting
parametero_ is the sum ofo_y ando_, , whereo_, and
o_, are the cross sections in érfor one- and two-electron
stripping, respectively, ang is the number of atoms per
microgram of foil material.

Following Mohagheghiet al. [1], the probability of the
appearance of a hydrogen in the=1 or 2 state ak is

states. The magnetic field used in this experiment is able to

strip H states withn>2. The linearly increasing field along

the particles’ path through the magnet allows us to trace the

GYPSY
Magnet

_
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y1AX)=AC(e” “12PX—e 7-F), (4)

FIG. 3. The 800-MeV H beam is directed
through a self-supported 2-cm-diam foil. The
emerging excited states of hydrogen are sorted by
the gradient-field magndtabeled “gypsy” mag-

Field-Stripped H -

0 (n=1,2) . . .
e ned; their trajectories reflect the strength of the
required stripping field. I(n=1 and 2 cannot
Field-Stripped be.strlpp|e_](+1 by the field. Unstrllppeu”Hand fully
HO (m2) stripped H are deflected maximally.
Ht
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FIG. 4. The H beam enters from the left.
Any one of an assortment of foils is inserted into
the beam by means of remotely operated actua-
tors in the foil box. After emerging from the
Foil Scintillators gypsy magnet the various hydrogenic charge
Box ) i states drift in a vacuum of 10 torr for 5.3 m

Wide Drift Tube before striking the exit window, where they are

mﬂla [ j completely stripped, and passing through the

scintillator telescope. One of two scanning pencil

GYPSY o scintillators is used to trace out the distribution of
particles.

p—

1 meter

whereC=o0_,J/(0_—0ay,), 0_1, is the cross section for one of the asymptotic Coulomb wave functioflO]. In the
electron stripping from H into states 1 and 2, ang ,isthe  present study we also examine this phenomenon.

cross section for excitation of the projectilé® b 1 or 2 to

_statesn>3 including continuum states for Whlchol-rls_ ion- Ill. EXPERIMENTAL METHOD

ized. For state:1i=3 and above, we add the possibility of

contributions from the excitation of 1 or 2. Analogous work  We measure the production of excited neutral hydrogen
has been done for fast H beams passing through gas targettoms in a foil by studying their trajectories after field ion-

[7]. Thus forn=3 we have ization in a ramped-field magnéh which the field increases
linearly with distance along the beam line, labeled “gypsy”
dyn(x) in Fig. 4). In some cases, the field is strong enough to field

dx = -npY-(X) = TnpYn(X) + T1zpY1AX),  (5) strip H™. The analysis of the H stripping seen in these

experiments is presented by Keatiegal. [11]. The ground-
whereo, is the cross section for excitation from the state = state H atoms from the field-stripped Harrive at the detec-
to any other state, including continuum states for which th&jon plane in the area between the unstripped &hd the
hydrogen atom loses its electron, amgh, is the cross sec- neutral hydrogen. Likewise, the excited(H=3) particles
tion for the excitation from 1 and 2 to. Thus strip and the resultant protons arrive at the detection plane in
an area between the unstripped peak and the H peak.

Yn(X)=Ace" "7+ Age P12+ Age PN, 6) When the atoms in a given’tstate reach the critical field,
where given by Eq.(2), they are stripped and the resulting protons
follow a curved trajectory due to the downstream magnetic
A(o_,—Coiy) field. The magnet is followed by a 5.3-m drift region and the
T s T (7) detector system. Knowing the field map of the magnet
nooT (shown in Fig. 3, we can reconstruct the field at which a
ACo i particular H ionized. This technique and this same magnet
)= , (8)  were used previously to study the ionization probability of
On™ 012 the H™ ground state as a function of fiefd2].
and The experiment took place at the High-Resolution Atomic

Beam Facility(HIRAB) at LAMPF where a high-quality H
Asz=—(A+A,). (99 beam was available. The beam kinetic energy can be varied
from 100 to 800 MeV with typical beam parameters of 2 mm
For each magnetic field setting, in addition to yields forspot size, 10Qurad divergence, and 0.05%p/p. With spe-
discreten’s (n=3, 4, 5, 6 there are also states that contribute cial tuning, these parameters can be improvee<®5 mm
to the spectrum but are not resolved into individual statesspot size,<10 urad divergence, and 0.0186/p [13]. The
For examplen=3 shows up clearly at 13 kG, but states with beam is delivered in 250-ps micropulses spaced by 5 ns
n=4 are also present as a shoulder on tiepdéak. These bunched in 120, 70@s macropulses. In the present experi-
unresolved states are fit along with the resolvestates us- ment, measurements were made only at 800 MeV.
ing Eq. (6). The apparatus consists of the foil box, the ramped-field
The proton yieldy , (x) can be fit to the relationship magnet, a 5.3-m flight path, and a detector system. The floor
layout is shown in Fig. 4. The particles emerging into air
. through the aluminum window at the end of the flight path
y+(x)—A—y_(x)—; Yn(X). (10 are detected by two large, fixed scintillators and one of two
scanning scintillators, one 3.3 mm wide and the other 5.8
For the highem states, the peak yield of the state is ob-mm wide. The scanning scintillator measures the yield of the
served to go as™ P with p being roughly equal to $8]. A charge states as determined by the positions in the detector
theoretical study of double photoionization of two-electronplane of the emerging particles. The large scintillators form a
systems at very high photon energigeV range finds the telescope that detects all three charge states of the beam after
same yield dependence for highestateg9]. The physical being stripped so that the particle counts can be normalized.
basis for the inverse-cube dependence is the radial behavidhese signals are also put in coincidence with the scanning



3204 M. S. GULLEY et al. 53

10 éu LI L L LA L L L L L LB lé
E - 3
Ho(1-3)
10!k E
2 H
= - 102 F .
2 T
‘-‘-' S
(._() Q 3
) 5 107 F E
2 = E
&0 [7:]
3 2
= <
10 F E
L E 5 L -
Y S U R B 10 3
0 20 40 60 80 %‘ ﬂ
| s v g ad e bye oy by oy o by
Position (cm) 10 I I

0 50 100 150 200 250 300 350

FIG. 5. The transverse magnetic field of the analyziggpsy Detector Position (mm)

magnet is plotted vs distance along the beam line. The particles

emerging from the foil enter the magnetic field from the left. De-  FIG. 6. The count rate on the scanning scintillator, in coinci-
pending on the state for which maximum resolution was desired thelence with and normalized to the count rate in the telescope, is
peak magnetic field was adjusted. In the case shown, the peak fieflotted vs distance transverse to the beam to show the dispersion of
was set to 13 kG for optimal dispersion of th&(8) state. particles transmitted through a 1Q@y/cn? carbon foil. The peak

. . . . gypsy field is 6 kG to display tha=4 states with maximum dis-
scintillator S|gnal to ,d'scr'mmate agamst_background. Stan'persion. Note the large dynamic range of the count rates vs detector
dard beam diagnostics along the beam line and phase-spaggsition.

tailoring apparatus of the incident beam are not shown.
The carbon foils are commercial foils from Arizona Car-
bon Foil Company, produced with a tolerance on the thick
ness of +10%. We used am-ranging technique to more
precisely estimate the foil thicknesses and uncertaihtiégs

trum is from the protons. The low, wide peak between the

neutrals and the proton peak is from thé kbns that were
stripped to excited-state ®Hatoms that were subsequently

. ) field stripped by the gypsy magnet. Different Stark substrates

ghe cr?rtz)onffoﬂi arﬁ_ fll(oat;ad_l On‘i% m(a/ta::?framtalSSW|th fz'cm'within the samen manifold will strip at different magnetic
iam holes for the thicker foilé>40 ug/cnt), or 1.3 cm for _field strengths, causing the observed spread in the peak. The

the thinner foils. These foils are all free-hanging so there g, 1der on the proton peak is due to the field stripping of

nothing ellse in the intgraction area to affect the beam. higher excited states that cannot be individually resolved.
The aluminum oxide foils are produced at Rutherford Apple-

ton Laboratory to b d i foil 4 | dThe absolute yield of a particular species for one foil thick-
on Laboratory 1o be used as stripper 1o1ls, and are alreadyqqq js then defined operationally as the integrated area of the
mounted to frames on an aperture 2 cm in diameter.

: s ., part of the yield spectrum attributed to that species divided
The ramped-field magnet is a half quadrupole turned S'd's"E)y the integrated area of the whole spectrum. We also took

w?ys to tkhe bedart];]. The beant] en';(ra]rs thrt(_)uglh a hoI?_ |nf_tr|1| to account spontaneous decay from the excited states in the
return yoke and then encounters the vertical magnetic Nelg, g region between the foil and the magnetic field. The
(perpendicular to the begrwhose strength increases linearly

along the beam axis. The maximum field available is 1.9 _Imethod used for estimating the decay is discussed in Keating

A . et al. [15]. The normalization to the area of the whole spec-
_and the length of th? ramped region IS 0.2 m. Af_|eld of 1'9 Ttrum is necessary to avoid double counting due to overlap of
is not enough to strim=2, so the maximum setting used is

: the scanning scintillator signal from point to point. Physi-
1.3 to stripn=3. Ing scint 9 poi poi ysi

. i . _ ._cally the absolute yield of a particular species then represents
The yield at each position of the scanning scintillator is y y P P P

g . . L the yield per H ion.
the quotient of the signal from the scanning scintillator to the y P

total signal received by the scintillator telescope. A spectrum

consists of the yield vs position of the scanning scintillator. IV. RESULTS AND CONCLUSIONS
Examples of such spectra are shown in Figs. 6 and 7. Notice
that these spectra have a large dynamic range, up to six or-
ders of magnitude. The leftmost peak is from the ldns. We determined vyield vs foil thickness for carbon foils for
Figure 6, with the gypsy magnet set to 6 kG, shows littie H the H, H° (n=1, 2), and H" peaks. In addition we obtained
field stripping; Fig. 7, with the gypsy magnet set to 13 kG, yield as a function of foil thickness far=3, 4, 5, 6, and for
shows that for this large magnetic field most of the sur-  n>6 (which would be mostly made up of=7). Yields for
viving the foil are field stripped. The large central peak isthe carbon foils are plotted vs thickness in Figs. 8—10. A
from the neutral hydrogens that are in states too low to bemaller data set was obtained for,@} foils. The best-fit
field stripped. The high peak on the right side of the speceurves through the data were obtained via a least-squares

A. Yields
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FIG. 7. Absolute yields at a maximum gypsy field of 13 kG and . i -
a 20.ug/cn? carbon foil showing the three main peaks and tfe H FIG. 8.0Exper|ment_al data and best fits of kbolid line throggh
(n=3) peak separated with optimal dispersion. Also seen is the HCIrcIes), H_ (dashed_ line through squ§FE$\nd H' (dotted I|n_e
(n>3) peak just barely separated from the proton peak. The 13-k@ough diamondsyields vs carbon foil thickness. The multiple
field is strong enough to field strip the Hons that passed through pomts_ represent the different magnetic field settings used in the
the foil intact, producing the wide spread of thé lgeak. This is experiment so that all the charge state data are shown.
examined more closely by Keatiregg al. [11]. o o 0
foil thickness were fit using Eq§3) for H™, (4) for H” (n=1,

fitting routine using the Levenberg-Marquardt method as dis?)» (6) for the excited-state peaks afth) for H™, and the
cussed by Presst al. [16]. The fitting parameters are the Cr0SS sections derived from the best-fit parameters. Table II
cross sections for the various processes. reports the cross sections obtained for the different magnetic

field settings. Note that some of the quoted cross sections are
B. Cross sections

1. Charge state cross sections . 0.015

We first fit the data to just the overall charge states to
obtaino_q, o_,, andoy,, using Eqs(3), (4), and(10). The
best-fit values for the cross sections are reported in Table I. 0.012
The ¥? for this fit was 18.3 with 58 degrees of freedom,
indicating a confident fit. It is significant that we were able to
find a value foro_, for carbon that was larger than the
uncertainty; our estimate of the branching ratio of double to
single ionization i91.8+0.9)%. The uncertainty in this ratio
is due primarily to the uncertainty ior_, . The estimated
uncertainties come from the diagonal elements of the cova-
riance matrix associated with the best fit. The major sources
of uncertainty include statistical fluctuations, the detector re-
sponse, and uncertainties in foil thickness. The foil thick- 0.003
nesses were measured dyanging[14]. The aluminum ox-
ide values are less certain because we obtained fewer data

0.009

0.006

Absolute Yield

points. The stripping lengths corresponding to the cross 0.000

sections for carbon reported in Table (A_y=29.6-0.4 0 100 200 300 400 500 600
uglen? and Ay, =75.8+1.4 ug/cnt) can also be compared o )

to the values obtained by van Dydk7] for Formvar Foil Thickness (ug/cm”)

C3H,0,) foils of A_=30=3 ug/cn? and\,=60=6 ug/cnt.
(CsH:02) +g 0 #g FIG. 9. H (n=3) yield, represented by the circles, and th

=4) yield, represented by the diamonds, vs carbon foil thickness.
Then=3 data were taken at a maximum gypsy magnetic field of 13

We examined the entire spectrum, including the excitedkG and then=4 at 6 kG. The lines are from the best fit of H)
state peaks, at a particular peak magnetic field. The yields #s the data.

2. Some individual state cross sections
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TABLE II. Cross sections for carborta) 13 kG. (b) 6 kG. (c)

0.006 L S B L A B B R 2.9 kG(d) 1.6 kG.
[ ] Cross section
0.005 |- . Designation  Initial state Final state (10 cmd)
1 ] @
= 0.004 - n=4 ] o - 0+ 6.87+0.16
g : 1 o_1o - 1,2 6.68-0.15
2 0.003 L h o1 1,2 anything else 2.750.10
= R S ® ] o3 - 3 0.053£0.005
g _ T n=5 1 o3 3 anything else 450.4
< 0.002 || S . O123 1,2 3 0.13-0.01
L[ ] o -3 - >3 0.02+0.002
N %%”=6 il ] o-3 >3 anything else 260.3
0.001 -% H}:. ......... ] 010~3 1,2 >3 0.033+0.003
l o, - + 0.11+0.08
0.000 NP R R 012+ 1,2 + 2.6+0.1
0 100 200 300 b)
Foil Thickness (ug/cmz) o- - 0.+ 7.22£0.35
0123 - 1,2,3 6.98-0.34
. . 0123 1,2,3 anything else 2.860.17
FIG. 10. H (n=4) yield, represented by the circles® th=5) _ 4 0.021+-0.005
yield, represented by the squares, arfti(i#=6) yield, represented o4 . ' '
by the diamonds, vs carbon foil thickness. The lines are the best fif4 4 anything else 3.690.56
of Eq. (6) to these data. The¥#) yield is the same as that shown 1234 123 4 0.046:0.009
in Fig. 9, reproduced here to give the reader a better sense of tHe->4 - >4 0.0086-0.002
relative sizes of the different excited-state yields. 04 >4 anything else 2504
0123>4 1,2,3 >4 0.016+0.003
. . . o_y - + <0.42
actually weighted averages. For examptg,s, is not simply 123 N 2744017
the sum ofoy,, ando,,. For the 13-kG magnetic field, thg 7123 o R
is 14 with 40 degrees of freedom, giving a redugdaf 0.35 )
and a high confidence level. For the 6-kG magnetic field they_ - 0,+ 7.05+0.35
X’ is 9.2 with 10 degrees of freedom, giving a redugéadf  ¢_;,s, - 1-4 6.94+0.35
0.92 and a confidence level of 51%. Both the 2.9- and 1.6-kGy,,,, 1-4 anything else 2.740.17
magnetic field fits, with relatively large uncertainties in the g_g - 5 0.011+0.006
data, havey? values less than 1, giving very confident fits. o5 5 anything else 321.2
For the 1.6-kG case in particular, it is possible that there is 10345 1-4 5 0.0210.011
significant amount of mixing of the=6 and 7 yields. o, - + <0.36
A few measurements were conducted using aluminum oxz. 1-4 + 2.72+0.16
ide (Al,O5) foils. We did not have as many thicknesses over
which to produce the yield curves, but some preliminary re- (d)
sults were obtained. The method of analysis was the same as - 0,+ 6.91+0.27
that for the carbon foils. We obtained yield curves and crossr_,3.s5 — 1-5 6.68+0.26
sections for H, H® (n=1, 2, H® (n=3), H° (n>3), and H" 5345 1-5 anything else 2.640.13
for the aluminum oxide. The yield curves are shown in Figs.o_g - 6 0.0093-0.0055
11 and 12. The cross sections are in Table Ill. JRds 2.8 4, 6 anything else 2381.6
with 5 degrees of freedom and a confidence level of 73%. A pzass 1-5 6 <0.014
comparison of the=3 yields for carbon and aluminum ox- , __ — ~6 <0.01
ide are shown in Fig. 13. The yield of=3 for Al,Ozis less >6 anything else <48
than that of carbon, implying that aluminum oxide may be Ay st 1-5 ~6 <0.026
good material for beam stripping. o . _ i <0.19
012345+ 1-5 + 26&013

TABLE |. Charge state cross sections.

T o_+ oo+
Foil 10 ¥%em®d @0 ¥cm 10 ¥cmd)
Carbon 6.76:0.09 0.12:0.06 2.64r0.05
Aluminum oxide 12+1 <15 5.3:0.3

C. Cross sections v

For the carbon foils, the cross sectians, ando,, were
plotted vs the principal quantum numhbefFigs. 14 and 1b
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TABLE Ill. 13-kG cross sections for aluminum oxide.

Cross section

Designation Initial state  Final state (107 1° crd)

o_ - 0,+ 12.4+1.4
o_12 - 1,2 12+1
o1 1,2 anything else 5%0.4

o_3 - 3 0.15+0.02
o3 3 anything else 420.2
0123 1,2 3 0.055:0.012
0.3 - >3 0.060+-0.008
O=3 >3 anything else 190.1
0123 1,2 >3 0.0066:0.0046
o_4 - + <1l.1

o104 1,2 + 5.7£0.4

dorfer [2]. The peak of the yield fon=1, 2 occurs at around

yields vs ALOj foil thickness in analogy to Fig. 8. Notice that the 40 ug/cn?, whereas the peaks for greater valuesiafccur

peak of the H yield is not as high as that for the carbon foils.

and fit too(n)=An"P. For o_,,, the best-fit value fop is
2.8+0.4; for oy xp is 3.5+0.4, consistent with an 3 de-

pendence.

D.

Comparisons to earlier work

at thicknesses ranging from 70 to @@/cn?. The improved
“simple model” [Eq. (6)] for the highemn values that takes
into account the excitation of the=1, 2 states helps to
explain this. The atoms in the=1, 2 states are produced by
H™ stripping directly to those states, but for the higher ex-
cited states, there are a significant number of atoms that
reach that state by first being stripped from kb H(1,2)

We found that the peak yield far=3 states occurs at a and then being excited to the higher state. Although Mo-
foil thickness that is substantially thicker than the peak forhagheghiet al.[1] were able to measure the relative yield of
then=1, 2 yield, in agreement with the earlier work of Mo- n=2 vs foil thickness and to demonstrate that its dependence
hagheghkt al.[1], as shown in Fig. 16. We have also plotted is similar ton=1, i.e., a maximum yield at about 4@y/cn?,
estimates of the positions of maxima taken from the accomthe absolute yield was not determined. Moreover, the ratio of
panying theoretical paper by Gervais, Reinhold, and Burgn=2 ton=1 production has not been measured. Calculations

0.010 [

0.008

Absolute Yield

0.002

0.000

FIG. 12. H (n=3) yield and ¥ (n>3) yield vs AlLO; foil

thickness.
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FIG. 13. Comparison of f(n=3) yield for carbon(dotted lines
and diamondsand ALO; (solid lines and squargsThe height of
the AlL,O; peak is about 70% of the height of the carbon peak. The
foil thickness at which the AD; peaks is also less than that of the
carbon, and less well determined.
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FIG. 16. Foil thickness for the peak yield of#h) in a carbon
foil vs principal quantum numben. The diamonds are from the
data of Mohaghegtet al.[1], the circles are from the present study,
and the squares are theoretical estimates read from the Monte Carlo
graphs of Gervais, Reinhold, and Burgféw [2]. The large differ-
by Dalgarno and Sadeghpolf] indicate that this ratio for ence betweem=1 and 2 and the higher values ofis due to the
photoionization in the high-energy limit is anomalously largecontribution of the two-step process in whicfi(#,2) from stripped
(0.66) for H™ vs other two-electron systensle and Li), H~ gets excited to f(n).
presumably due to the broad doubly excited shape resonance
in H™. Gervais, Reinhold, and Burgder [2] find the two  cross sectionsy;,, must be regarded as merely a parameter,
yield curves to be indeed very similar in the region of theapproximating an average cross section for two processes
maximum, corresponding to a ratio of about 0.24. Othewhose weighting depends on foil thickness.
theoretical studies of the relative production rates of the first Figures 17 and 18 show combined yield curves that in-
excited state to the ground state of hydrogen in collisionatlude the data of Mohagheght al. for n=1,2 and forn=3
electron detachment processes fromddnfirm that the ratio  with the data from the present study. The data of Mo-
is anomalously larg¢7,18—2Q. As one might expect, the hagheghiet al. are normalized to our data, treating the nor-
yield curves[1,2] for large foil thicknesses for these two malization as another fitting parameter.
states indicate the destructionmf2 has a larger cross sec-
tion than for n=1. Therefore our experimentally derived

FIG. 14. Cross section for stripping from™Ho H%(n) vs the
principal guantum numbar. The line is the best fit toran P, with
p=2.8+0.4.
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Principal Quantum Number n FIG. 17. Yield of H(1,2) vs foil thickness for carbon; the circles
are from Mohagheghet al. [1], normalized to our results by a
FIG. 15. Cross section for excitation fronP#,2) to H(n) vs parameter in the fitting routine, and the squares are from the present
the principal quantum number. The line is the best fit taran P, study. The line is a best fit to all of the data and the results are
with p=3.5+0.4. consistent with the best fit obtained using just our data.
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FIG. 18. Yield of H(3) vs foil thickness for carbon; as in Fig. FIG. 19. H(4) yield vs carbon foil thickness. Here the line is a
17, the circles are from Mohaghegei al. [1], normalized to our  Pest fit to the single-foil data points. The double-foil data points are
results by a parameter in the fitting routine, and the squares arghown at 157 and 32g/cnt and demonstrate that they are sys-
from the present study. The line is a best fit to all of the data and thé&&matically low in comparison to the best fit obtained with just the
results are also consistent with the best fit obtained using just outingle-foil data.
data.

F. Conclusions

E. Double-foil discrepancies We measured absolute yield vs foil thickness for, HC,

It has been suggested that the yields of two closely space@d H' in both carbon and AD; foils. In the case of carbon,
foils, one after the other, will not be the same as that of ave determined yield distributions for’Hn=3, 4, 5, 6. For
single foil of the same total thickne§&1]. Double-foil ex-  the AlLOs we found yields for H(3) and H(>3). From the

periments are often suggested and even tried in the field ditS O these yields vs thickness, we obtained values for a
beam-foil spectroscopy. For example, see Bettal. [22]. number of cross sections associated with this stripping pro-

During this experiment we made a preliminary test of thisciir.a?gnf%f’qgethzsiguzligahsrggli 'fgq'szate'ﬁgn:ggp‘eghe
hypothesis. For the 13- and 6-kG set of runs, we made aﬂ Pt passage | ug S p 12
equivalent thicker foil by placing two thinner foils into the In terms of cross sections is aQequate for our data, and the
int i . in front of the oth ted baddltlon of two-step processes into the mdds. (6)] vastly
Interaction region, one in front ot the ofher, separate meroves the agreement between the model and experiment
roughly 1 cm. In all cases, the two foils were not the sam

) X i ver previous attempts. We improved the accuracy of the
thickness; usually it was a 200- and a 10@kn? foil (in

o2 foi carbon foil values over previous reports and presented alu-
both the 13- and 6-kG run®r a 100- and a 5@g/cnt foil  minym oxide values at a beam energy of 800 MeV. The

(in the 6-kG set only. These double foils gave’kh) yields interesting question of the nature of the mechanism that ties

that were lower than expected from the single-foil data alonepgether then=1 and 2 production rates in a foil remains
Figure 19 shows thev=4 data and the best-fit curve for gpen,

which data from the double foils were not used. The two
double-foil data points at 157 and 32@y/cn? are low in

relation to the single-foil data points and the best-fit yield ACKNOWLEDGMENTS
curve derived from the single-foil data. When the double
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