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EFFECTS OF ELECTRIC FIELDS ON THE
PHOTODETACHMENT CROSS SECTION OF THE H ION

NEAR THRESHOID

James Edward Stewart

B.A. Social Sciences, University of North Dakota, 1968
B.S. Education, University of North Dakota, 1971
M.S. Physics, University of New Mexico, 1985

Ph.D. Physics, University of New Mexico, 1987

The photodetachment cross section of the H ion near
the one electron threshold in electric fields ranging from
approximately 5 x 10”7 atomic units up to 2.4 x 10_4
atomic units has been studied using an 800 MeV beam at the
Los Alamos National Laboratory. The lowest field data,
analyzed as though at zero field, are consistent with the
Wigner prediction for p wave processes. At greater field
values, photodetachment using o polarized laser light
displays the expected lowering of apparent threshold and
evidence of tunneling. Using m polarized laser‘light the
same features are seen with the addition of oscillations

superimposed on the cross section. Three complementary

explanations are presented for the oscillations.







CHAPTER 1: INTRODUCTION

The experiments described here are the most recent in
a series exploring the H ion using the relativistic H
beam at the Clinton P. Anderson Meson Physics Facility
(commonly known as LAMPF for Los Alamos Meson Physics
Facility) at the Los Alamos National Laboratory. The
recent experiments have explored the behavior of the
photodetachment cross section of the H minus ion in
moderate electric fields.

The H ion is of interest for several reasons. It is
arguably the simplest three body system available for
study, consisting of a single proton binding two
electrons. Neutral hydrogen binds its single electron
with approximately 13.6 electron volts. The H ion is
formed when a free electron approaches close enough to
polarize the neutral atom to allow capture of the
electron. The second electron is bound by a mere 0.75 eV.

The H ion is a major constituent of solar atmospheres
contributing to solar spectra by absorbing radiation from
the solar surface. As one considers the phenomenon
described in this paper one wonders whether the H minus
spectrum of stars could yield information about the
electric and magnetic fields which surround a star.

In recent years the H ion has been of great interest

to scientists and engineers designing neutral particle




beams. The negatively charged ion can be accelerated and
then stripped of the loosely bound electron to produce a
neutral particle beam.

H provides a simple test of theoretical models of
negative ions. This paper describes experiments which
tested two such models.

In the first experiments in the series exploring the
H ion, Sharifian (1977) and Tootoonchi (1977) used the
technique described below to explore the H cross section
from 1.5 eV to 12 eV where the shape and Feshbach
resonances (auto-ionizing states wherein the residual
neutral atom is left in an excited state) near n = 2 were
observed. Frost (1981) looked at the threshold for both
one and two electron photodetachment of the H ion. The
present work is a direct extension of the work of Frost.
Butterfield (1984) explored the behavior of the shape and
Feshbach resonances in electric fields. Most recently,
Cohen (1986) has examined the 1p° resonance near n = 3 in
external electric fields.

All of these experiments are based on a technique,
devised by H.C. Bryant (Bryant et al., 1980), which makes
elegant use of the relativistic (0.84c) particle beam. We
make use of two facets of Special Relativity. It is
commonly known that light from a source moving at an
appreciable fraction of the speed of light will appear to

an observer at rest to be shifted in wavelength - the



familiar red shift of astronomical use is an example. We

use this relativistic Doppler shift,

Ecm = 1E1ab(1 + Bcosa), (1)
to achieve a photon energy which is continuously tunable

over a wide range in the rest frame of the target

particles. B = v/c; v = 1/%51;5 ; a is the angle between

laser beam and particle beam defined such that head-on is

zero degrees; Elab is the laboratory photon energy.

Evaluating the factor (1 + B cos a) for B = 0.84 we find

that the barycentric energy of the laser photon can be

varied by a factor ranging from 0.3 to 3.4 depending on «a.
We also make use of the Lorentz transformation for

electric and magnetic fields (in S.I. units),

(2)

In particular, we are able to impose upon the interaction
region a barycentric electric field about two orders of
magnitude larger than can reasonably be accomplished in
the laboratory frame. This is done by using a modest
magnetic field in the laboratory which then transforms to

crossed electric and magnetic fields in the H minus franme.




The experiments described herein were mounted to
explore the behavior of the H ion near the one electron
threshold in electric fields. 1In particular we were
motivated by a prediction of W.P. Reinhardt (1984) that we
would observe oscillations in the cross section in the
particular case where the photons were polarized parallel
to the imposed electric field.

Two series of experiments were conducted. One, in the
summer of 1985, looked at the effect of photodetaching the
loosely bound (0.75 eV) second electron of the H ion in
electric fields of as much as 1.5 x 10° volts/cm using o
polarized light. Sigma (o) polarization is perpendicular
to the electric field and = is parallel to the electric
field. In the summer of 1986, a modified apparatus
allowed us to look at the effect of m polarization
although with smaller fields, of the order of 2 x 10°
volts/cm.

The field-induced oscillations are a phenomenon
similar to that observed by a number of other workers
looking at neutral atoms of Rb, Ba, and Na (Feneuille et
al., 1979; Littman et_al., 1981; Freeman et al., 1978; Luk

et al., 1981; Sandner et al., 1981). Theoretical

explanations have been put forward by Harmin (1982);
Luc-Koenig and Bachelier (1979, 1980); Rau (1979); Rau and
Lu (1980). Blumberg et al., (1978) have reported

observation of oscillations in the S~ photodetachment



cross section in the presence of a magnetic field where
they presume the oscillations are due to the excitment of
the detached electron to discrete levels.

Recently, Rau and Wong (1987) have also formulated a
theory which predicts field induced oscillations in
photodetachment.

For the m polarization experiments we constructed
several new pieces of apparatus. An "electrostatic
potential well" was built to be able to look at the
effects of a pure.electric field on the cross section and
an electron spectrometer was made to use in conjunction
with the potential well to detect electrons which, once
photodetached, were tagged with an energy different from
background electrons. Most of the data was taken using an
older setup with one of two electro~magnets supplying a
motional electric field.

The potential well, spectrometer combination was
useful to prove that the ripple effect is due to the
electric field and not a combination of crossed electric
and magnetic fields. 1In addition, the spectrometer was
used in an unrelated experiment which is discussed briefly
as it is relevant to the function and testing of the

spectrometer.




CHAPTER 2: THEORY

We are concerned with three different situations for
which we must invoke different theories. These cases are
photodetachment in zero field, in a d.c. electric field
with a photon polarized perpendicular to the field, (o),
and in a d.c. electric field with a photon polarized

parallel to the field, (w).

ZERO FIELD
Wigner (1948) was able to determine the form of the
cross section near threshold for any two-body process. He
showed that the form did not depend on the details of the
interaction process. Wigner found that the cross section

was proportional to

(20+1) /2

(E-E,) (3)

where E is the energy of the photon and E. is the binding

o
energy so that (E—Eo) gives the kinetic energy of the
detached electron. The angular momentum quantum number of
the final two body state is (. In the case of
photodetachment of the H ion, { = 1. We expect that the
cross section will depend on (E—E0)3/2. Wigner does not

tell us how far in energy above threshold this law should

apply.



Armstrong (1963) obtained a simple characterization of
the H threshold over a wider energy range than Wigner's
prediction applies. This prediction gives the overall
shape of the curve beyond the broad maximum which occurs

at 1.5 eV. Armstrong's prediction for the cross section,

o, as a function of energy is

1/2
E
0 [E E,

E3

]3/2

o(E) = .

2

[1 . =20 Eo[on - E]] : (4)

The term in the square brackets is an empirical
correction factor introduced to produce better agreement
with the data of Smith and Burch (1959). Frost found that
the correction factor was unnecessary; so, it has not been
used in my analysis.

Fano and Rau (1986) obtain a comparable formula,
atomic units:

1/2(, _
16w Fo [E E

3(137) 53

0]3/2

. ~(5)

Also of interest is the prediction of Greene and Rau
(1985) that there are oscillations even in the zero field
cross section above threshold. Using Quantum Defect
Theory they expect oscillations of very small amplitude to

appear - a prediction which remains unconfirmed.
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dominated by the nucleus moving to that dominated by the T

electrostatic field.

Several authors have explained similar oscillations
which appear in the photoionization cross section of
neutral atoms. Harmin (1982) modeled the data of Freeman
et al., (1978) by considering two distinct regions: one
where the Coulomb potential was dominant and the imposed
electric field could be ignored and one where the electric
field was dominant. This work provided a partial basis
for Rau and Wong's predictions for negative ions.

Luc-Koenig and Bachelier (1979) proposed that the
oscillations arise from cancellations of oscillator
strengths of different Stark states due to symmetries
between the wave functions and the light.

Rau (1979) and Rau and Lu (1980), by considering

neutral hydrogen in an electric field in parabolic



coordinates, find that oscillations with equal spacing
dependent on F~3/2 are present. They state further that
this is a general phenomenon to be expected whenever there

is a mixing of fields.

Time Dependent Auto-Correlation Approach

Reinhardt gives a specific theory for negative ions.

The photodetachment cross section is given as

o(w) = 27 aagm Iexp(imt) < dt) |d(o) > atl. (6)
Reinhardt assumed a Gaussian, p wave initial state of

the form

d(o) = 2va [33]3/42 exp{-a[x2 + y2 + 22]} , (7)

w

where a = l/(8p2) with p equal to the ionic radius
(Overman, 1986). A further assumption is that there is no
final state interaction between the detached electron and
the neutral atom - a reasonable assumption in light of the
fact that the multipole elements which describe the

polarized atom decay rapidly with distance.

1The matrix element has, in fact, been squared as
expected, but is not explicitly displayed due to a
mathematical trick which is exposed in Heller (1978).
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The final state, ®(t), is given by

b(t) = de' U(x,x',t)$(0), (8)

where U(x,x',t) is the propagator for an electron in a
d.c. electric field.

A substantial amount of algebra leads to the result

8

. 2,2 .
o(w) = 2vaa2w elwt 4a-F~t~ (1 +5}§tl
4a(1 + iat)

0 X

2.2
exp{-F t (3 + iat)}dt, (9)
24a

(Reéder, 1986), which must now be numerically integrated.
Figure 2.1 shows Reinhardt's initial prediction of ripples
in a constant field, with a = 1.

The integration program as written by Reinhardt
calculates the cross section in a constant electric field.
However,. our experimental setup is such that, as the angle
of intersection between the laser and the H beam is
changed the electric field is also changed. So, to
correctly model our experiment, I modified the program to
recalculate the wave functions at each angle. This
seemingly simple change increases the run time of the

program on our Micro-vax II from about 7 minutes to 13.5
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‘hours! Rather than calculating the 200,000 element
complex arrays in the program one time, the modification
requires calculating them 200 times. The end result is a

smooth curve that can be compared with our data.

Frame_ Transformation Approach

Rau and Wong's (1987) 'frame transformation' is based
on the work of Harmin (1982) and Fano (1981). The problem
is considered in spherical symmetry while the electron is
close to the atom and essentially uninfluenced by the
external field. At some appropriate distance a
transformation is made to the cylindrically symmetric wave
function which describes the electron in an electrostatic
field.

For the outgoing p wave electron Rau and Wong use the

spherically symmetric wave function
2 1/2, A
£, = 2x/m?; (xknyy, (T) (10)

where 4q is the spherical Bessel function and Ylm are
spherical harmonics. The wave function in cylindrical

coordinates is
2 _ -1/2 im¢ 2__2,1/2
Ve () = (2m 21005 [ (k2-q?) 1/ 2]

VA

—l/z{cos qz w
z

(rq) sin qz T . (11)



13

For any energy 1/2 k2, there are two degenerate solutions
of even and odd parity. The initial energy, 1/2k2, is
divided into energy in the z direction, along the field,
1/2q2, and transverse enerqy, 1/2(k2-q2). Jm is the
regular Bessel function.

We now look for a transformation of the form,

-

wqm(?) =), Ugto £, (D). (12)

The summation runs over even (odd) (-m for =

F=0
ql

considering small values of the coordinates for ¥ and f£.

g =t

The ( = 1 coefficient of U can be found by

Once we know WF=0 in terms of fLm we can find a
F

transformation Uf for wF knowing vF is given by

- - . 2
B @ = em V2 [kt 2| a2 Y3 (2T |, (1)

where Ai is the Airy function. UF is found to be

1/2 1/6 2
[3—’3'] [16F] AL’ [—'92—3] m =0
Fo lx (2F) 2/

(14)
qL 3 1/2 1 1/6 2 2
l2k| | F I l k ‘ ‘(ZF) / |
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The photodetachment cross section can now be written

1/2%2
"% (x) f da(1/2¢%) |u

oF (k) o |

o0 (x)u¥ (x) (15)

where HF(k) is the "modulating factor."

A numerical integration of eq. 15, for m = 0, gives
the result shown in Figure 2.2. Note that this is an
absolute cross section.

Rau and Wong point out three characteristics of the

cross section. 1) Above threshold of oscillates about o

with an amplitude proportional to F1/3. 2) of is finite
and positive at the zero field threshold with a value
proportional to F. 3) oF decreases rapidly and
monotonically below threshold.

Additionally, Rau and Wong point out that the location

of maxima in the cross section is given by

2/3
13%521 where n = 1,2,3,... (16)
Simple Theory to Find Minima
A simpler approach enables us to predict the location

of minima in the cross section (Bryant et al., 1987). We

consider the final state of the electron simply to be that
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of an electron in a d.c. field, i.e. no final state
interaction. The final state wave function, y(t), is the

solution of the one dimensional Schroedinger equation:
= — ¥ + [E - xeF]w =0, (17)

where E is the kinetic energy of the detached electron and

F is the electric field. By writing

X = bz + E/eF , (18)

where

= h2/2meF . (19)

The equation becomes

== -z2¢ =0 . (20)

Requiring ¢ to vanish as z - ®, the solution is the
Airy function, Ai(z) (Abramowitz and Stegun 1964). The
dipole matrix element between the initial state and final

state is proportional to

de vix) x ¢(x) , (21)
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where the initial state, ¢(x), is assumed to be a
symmetric function localized around x = 0. The integrand
can be considered to be approximately an odd function when
a maximum or minimum of the Airy function occurs at x = 0
(Figure 2.3). Then the matrix element will be a minimum.
The values of z for which Ai(z) is maximum or minimum are
denoted aé where s = 1,2,3,... (Abramowitz and Stegun
1964). From eq. 19 we can solve for the enerqgy

corresponding to a minimum in the cross section,

aé . (22)

1/3
2
B = -(er)?/? [g—l—n]

Then the photon energy required to make a transition to a
minimum is E plus the electron affinity of H (0.7542 eV,
Pekeris, 1958).

By considering how the spreading wave function of the
photodetached electron reflects off of the barrier formed
by the d.c. potential we can learn something about the
coherence time of the process. If the time to travel to
the barrier and back exceeds the coherence time of the
photodetachment process, the reflected wave cannot
interfere with that still emerging from the ion and we
will see no ripples.

The time to travel to the classical turning point and

back is given by




Airy Function

L
I
I

Initial
Wave Function
|

0 T Ekﬂz

Figure 2.3 Illustration of Simple Theory. The absorbed photon causes
transitions from the initial bound wave function to that of an electron
in a constant electric field. E is the energy above the zero-field
threshold. The classical turning point for the ejected electron in the
constant field, F, is a distance E/eF from the center of the atom.

81



By observing the approximate energy where ripples fade

away we have a measure of the coherence time and, through
Heisenberg's Uncertainty Principle, a measure of
experimental resolution.

Bryant (1987) has called the system an "atomic
interferometer" based on this analysis. By considering an
unequal arm interferometer as sketched in Figure 2.4,

2/3 scaling for ripples that we have

Bryant recovers the F
seen is characteristic.

Consider an electron wave packet prepared at the beanm
splitter which then divides. One path is very short
reflecting the wave packet promptly towards the detector
and the other path is considerably longer so that that

part of the packet arrives at the detector after a delay

of time r. We can write the wave packet as

J CE 2,252 i(kx-ot)
fl(t) = e e dw , (24)

where x is along the path to the detector and s is the
Gaussian energy spread. Taking the detector to be at x =

0 simplifies the form somewhat.




Mirror
M2

Mirror
Beam M1
Splitter __
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Detector
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Electron I Electron
Incident Photon
Beam

“— 7 Polarized
Source

AN ATOMIC INTERFEROMETER

Figure 2.4 H. C. Bryant's comparison of a Michelson inter-
ferometer with his "atomic interferometer."
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The amplitude from the longer branch is more
complicated because 7 is a function of w. Equation 23
gives the appropriate r. 1Including a phase shift term to
account for the transit time and the delay due to

reflection at the barrier, the amplitude can be written as

fz(t) = a J exp{-(m - m0)2/2s2 - i(wt- % 0T + A)}dw, (25)

where % wT and A give the phase shifts due to transit time
and delay at the barrier, respectively.
The probability amplitude for an electron to arrive at

the detector at time t is
£(£) = £,(t) + £,(t) . (26)

The total probability is

p = I £5(t) £(t) at . (27)

From this the cross section can be written

2.2
o = 4w3/2a25[1 +e 7S /9 2

cos[§ WaT - A]]. (28)
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Making the ad hoc replacement of 00E3/2/(E+E0)3 for
4n3/2azs to model the zero field situation, the cross

section becomes

2 2 »
o0 =0 E/2|1 + e 5 /%c0s(2 6. - all/(E+E )3 . (29)
0 3 Yo 0

Maxima occur when

%wor - A = (2n-1)7 = %% v 32%, n=1,2,3,... (30)
Therefore,
1/3 2/3
E_: = (eF)?/? [é%] {%[(Zn - 1) + A]} . (31)
2/3

We have recovered the F dependence and we see that,

qualitatively, we have an "atomic interferometer."

SIGMA POLARIZATION

Although we use no specific theory to describe this
case we can make some assumptions about the form of the
cross section. As an electrostatic potential is imposed
on the binding potential of the ion, one side of that
binding well will be depressed and tunneling becomes
possible. In fact, even without a photon to increase the
energy of the bound electron, it can still tunnel out if

an electric field has depressed the barrier. We expect



then to see, in an electric field, an exponential decrease

in the cross section below the zero field threshold.

We can define a classical threshold in an electric

field. It is simply the energy needed to raise the
electron up to the now depressed top of the well. But, as
seen above we must add to this the effect of tunneling.
As the kinetic energy of the ejected electron is increased
the details of the potential at threshold must become less
and less important so that we expect the cross section to
approach that of zero field.

A simple characterization of the potential is

ae2

V(z) = - ezF - 1/2 4
(r + rp)

(32)

(Delone et _al., 1985), where a is the polarizability of
the atom and rp = 0.583ao (Schiff, 1968). We can use this
to make a rough calculation of the classical threshold for
comparison to the experimental result.

Rau and Wong's (1987) work accomodates o polarization
as well as w. Equation 14 includes an m +1 result which
is the o polarization case. We became aware of this work
too late to include a comprehensive analysis in this

paper.



CHAPTER 3: APPARATUS AND EXPERIMENTAL TECHNIQUE

OVERVIEW OF EXPERIMENT

The experimental setup was simple in concept and can
be understood by reference to Figures 3.1, 3.2 and 3.3.
Figure 3.1 shows a large scale view of the experiment as
set up for the 318 MeV run in 1986. Several pieces of
equipment are shown which played no role in these
experiments. These are: polarimeter, foil box,
fluorescent well, and the Rydberg well.

Figure 3.2 shows the vertical benders detection scheme
and Figure 3.3 shows the electron spectrometer scheme.
The vertical bender scheme was used in 1985 and for the
bulk of the 1986 data. The electron spectrometer was used
for a small portion of the 1986 experiment. The changes
to different detection schemes were small variations on
the large scale setup, so Figure 3.1 serves as a
reasonable descriptor of all cases. The H beam entered
the scattering chamber where it was intersected by light
at 1.06 microns from our Nd:YAG laser. The photon energy
as seen by the H particles was dependent on the angle of
intersection and is given by the Doppler formula, equation
1.

The products of the interaction were then detected
downstream using one of two methods. In the first and

most commonly used method, the different charge states



25

¢ Beam Direction

Vac-lon Pumps<

—Polarimeter

Vertical
Photodiode
Bender #1 ll
i R ~Mirror
Foil Box L 0 A4~ DCR2 Laser
Sweep Magnet—+—{ N
=g :D\Variable Aperture
Vac-lon _D‘V External Power Meter
Pump— Laser Dump

|
Mirror

4
Optical Bench

Fluorescent Well-

Rydberg Well—
~Magnetometer Probe
Vertical f
Bender #2 Electron Spectrometer

TV Phosphor—[—7] ~Vac-lon Pump
—~End of Beam Pipe

[ J—Fast lon Chamber

Figure 3.1 Layout of the experiment, 1986.




H- i
~
=~ ~

~N
~ _ Pole Tips Compensator
N Polarizer

|
Laser Beam
Calorimeter

Analyzing Magnet

:\\ T H+
\ ~
Turntable NS —
AN Scintillators
AN
IR Laser N H°
Beam H-

Stepping
Motor

SCHEMATIC OF LAMPF PHOTODETACHMENT APPARATUS

Mirror

Figure 3.2 Schematic of LAMPF photodetachment apparatus, 1986 electromagnet in place.

9¢



¢

g Sweep Magnet
1

~

~N H‘
~
) 0 nsator
~<_ Potential Compens
Polarizer
Laser Beam
Cealorimeter

Scintillator

Turntable Electron o

Spectrometer ;~ Ho

IR Laser

SCHEMATIC OF LAMPF PHOTODETACHMENT APPARATUS

Figure 3.3 Schematic of LAMPF photodetachment apparatus, 1986 potential well in place.

Le




28

were magnetically separated and then the neutral products
of the process were detected in a scintillator. In the
second method the electron resulting from the
photode;achment process was separated in an electron
spectrometer and detected by a scintillator. In this case
we could distinguish electrons tagged with an energy
difference of as little as 5 keV and so were able to
discriminate against background electrons.

We also monitored the ion current and the laser

intensity.

H MINUS PARTICLE BEAM

LAMPF can deliver H ions with an energy of up to
800 MeV corresponding to a velocity of 0.84c. The
accelerator runs at a nominal 120 Hz although we took only
40 pulses per second and could use only 10 of those due to
the laser repetition rate. Each macropulse of about 700
microseconds contained micropulses which were‘about 0.25
nanoseconds wide and separated by 5 nanoseconds. We
normally ran with a current of about one nanoamp; hence,
each micropulse contained some 103 particles.

The accelerator exists primarily to do meson physics
and accelerates protons for this purpose. The H ion is
accelerated on the second half of the RF cycle used for
protons. The accelerator is tuned to provide maximum

stability and current for protons; hence, the
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characteristics of the H beam are often less than
optimum. Additionally, most of our run time in 1987 was
officially 'development.' Our status was such that we had
to make do with the beam tuning required by another
experiment on an adjacent beam line.

Local tuning of the beam was accomplished with two
quadrupole magnets and an adjustable stripper aperture.
These devices were under control of technicians in the
Central Control Room (CCR) with whom we communicated by
telephone. For a consistent, steady beam it was necessary
for the beam to be centered very well on the stripper,
which required constant monitoring by the CCR personnel.
Our experiment was perhaps the most sensitive to beam tune
at the accelefator.

We used a cylindrical lens to focus the laser beam in
the vertical direction to attempt to improve the overlap
between beam and laser. With the laser focused to overlap
precisely the approximately 1 millimeter diameter particle
beam, we soon discovered ripples in our data similar to
those predicted by Reinhardt. On careful examination we
found that we were sensitive to a slight change in the
tune of the beam when the polarization of the proton in
the ion was changed at the ion source on a two minute
cycle. This was a requirement for other experiments. A
small vertical movement in the beam changed the overlap of

laser and particle beam so that we saw "beam bumps" in our
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data. Very careful tuning of the beam in our experimental
area could eliminate the beam bumps temporarily, but the
ultimate solution was to replace the lens with one of
longer focal length so that the laser beam was about two
millimeters high to the particle beam's one millimeter.
Then we were not sensitive to small vertical movements of
the beam. We did run for a time taking data for only one
half the cycle.

Monitoring of beam current was not done with a
calibrated Faraday cup as in the past. The Faraday cup in
the beam stop was inoperative, apparently due to damage
during the major construction that was in progress in the
area.

We used instead a fast (~10 microseconds) ion chamber
to give relative beam currents. The ion chamber was
pressurized with hydrogen gas. When a charged particle
passed through the gas, the hydrogen was ionized and the
electrons were attracted to a charged plate and the
current was measured. A current-to-voltage preamplifier
fed an amplifier in the counting house. This signal was
then fed into a CAMAC ADC (Analog-to-Digital Converter)
where it was digitized and subsequently recorded on
magnetic tape. The signal was also sent to a preset NIM
scaler which determined how long we ran at each angle.

This scaler was preset to a certain value and when that
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number of beam counts was reached the apparatus stepped to
a new angle and started the cycle again.
We also recorded a signal provided by CCR from a slow

(~1 sec.) ion chamber.

Nd:YAG LASER

As in past years we used a Quanta-Ray DCR-2, Nd:YAG
laser which we had overhauled by a Spectra Physics
technician immediately prior to the summer runs. We used
the fundamental wavelength of 1.064 um. The tuned up
laser running at 10 hertz put out an average power of 11
watts implying greater than one joule per pulse. A photon
energy of 1.16 eV gives 5 x 1018 photons per pulse.

In past experiments we have used the laser in the
Q-switched mode with a pulse width of ~8 nsecs and, due to
jitter in the laser firing circuits comparable to the
spacing of the H micropulses, the laser has been fired
randomly into a macropulse giving a random overlap with
any given micropulse. This technique gives high power
densities and extremely low background counts. However,
it requires relatively precise timing of detector circuits
and may even saturate the micropulse. In 1986 we decided
to try using the same laser in non-Q-switched mode. We
simplified timing at the expense of additional background.
The laser pulse was now ~100 micro secs, so, with roughly

the same number of photons, our detector gates had to be
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‘open about 104 times as long as with the Q-switched mode.
This change also eliminated our concern about saturating
the H beam or the detector.

We monitored the laser intensity in two places, one, a
fast photodiode'on the laser table and the other a
Scientech calorimeter inside the scattering chamber
immediately after the interaction region. The photodiode
easily resolved structure within the 100 microsecond laser
pulse. The calorimeter integrates the signal over a
period of about ten seconds. The photodiode signal was
recorded on the data tape. The calorimeter signal was
recorded in the log book several times during each run.

Because the length of time we took data at each angle
was determined by the total amount of H that passed
through the chamber, a low beam current resulted in a
large number of photons being counted at a given angle.
There were occasional circumstances where the beam current
could drop to essentially zero but we would still be
counting photons.

A more appropriate measure was the rate at which
photons crossed the interaction region. In 1986, after
run 307, we set up the Q software so that an approximate
rate was available by recording the time spent at each
angle.

In the final analysis, we found that there were wide

fluctuations in the photon current as measured by the
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photodiode which were not consistent with the observations
of the calorimeter readings which remained very constant
over time. So, in 1986, the data was not normalized to
photon current. We made the assumption based on an
analysis of both the calorimeter and the photodiode data
that we introduced less: error by not explicitly including
the laser normalization.

The mirrors used to transport the laser light to the
interaction region were dielectric mirrors, manufactured

by Airtron, and coated for greater than 99% reflectivity.

VACUUM

A common vacuum must be maintained over the entire 800
meter length of the accelerator and the various branches
and experimental areas. Our experiment was served locally
by four vacuum-ion pumps: two approximately two meters
upstream of the interaction region; one on the scattering
chamber itself; and one about two meters downstream. The
principal source of background was collisions with the
residual gas particles in the beam line. We were normally
able to maintain a vacuum of 1077 Torr. Any improvement
in vacuum leads to a reduction of background.

Historically, we have been able to achieve wvacuum at
{east an order of magnitude better. Our poor showing on
this account is probably due to two factors. The heating

of the coils of the electromagnet must have caused some
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outgassing and, secondly, we were probably not as careful
as we might have been to keep things clean when assembling
the apparatus.

We burned out our vacuum gauge early on and had to
rely on an indirect measurement - the current drawn by the

ion pumps attached to the scattering chamber.

SCATTERING CHAMBER

The heart of the scattering chamber was the stepper-
spider-encoder assembly. The stepping motor was
controlled from the counting house and rotated the mirror
assembly (known as the spider) inside the chamber changing
the angle of intersection of the laser with the H beam.
The 14-bit optical encoder returned to the counting house
an absolute angle.

Laser light passed through a window at the bottom of
the chamber and then was reflected around three dielectric
mirrors to intersect with the H beam. This was tricky
business. The point of intersection had to remain
constant so that we could be certain the interaction was
taking place in the carefully controlled environment that
we prepared. Additionally, if the laser entered the
chamber at any angle other than exactly normal to the
entry window and if there was any misalignment of the
mirrors mounted in the spider, there could be substantial

error in the true angle of intersection of laser with



particle beam which in turn determined the true energy of

the photon in the barycentric frame. The result of a
calculation assuming misalignment at the entry window of 1
mrad and misalignment of the three mirrors on the spider
of 1 mrad is shown in Figure 3.4 (Harris, 1987).
Unfortunately, we have no way of ﬁeasuring the magnitude
of this error which certainly must have existed.

The spider was belt driven with a stepping motor which
was controlled from the equipment trailer. The belt was
often a weak link in the system. Since we desired to
measure precisely small angles, the belt drive should have
small thermal expansion and should not stretch
appreciably. We have used belts made from high carbon
shim stock which have been soldered with a lap joint to
form a belt. If the joint was weak or if it was subjected
to much flexing as it drove the spider it might break,
shutting down the experiment for about 12 hours while we
broke vacuum and installed a new one.

For the runs in 1986 we found a stainless steel
material which could be fabricated with a butt joint using
a laser welding process. This proved to be very
satisfactory. We experienced no breaks in the hundreds of

hours we ran.

The 14 bit optical encoder was used to determine the

angle of intersection. The 14 bits yield 214 or 16,384

steps per revolution of the encoder. The system is
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Figure 3.4 Error due to misalignment of laser. Shows possible error due to
misalignment as spider is rotated 180 degrees. The angle scale has been converted

to energy.

The energy range for these experiments has been expanded.
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