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Two dual function intensity profile monitors have been designed for a

measurement of parity violation in p— p scattering at about 230 MeV using

longitudinally polarized protons. Each device contains a set of split sec-

ondary electron emission (SEM) foils to determine the median of the beam

current distribution (in x and y). The split foils, coupled through servoampli-

fiers and operational amplifiers to upstream aircore steering magnets, have

demonstrated the ability to hold the beam position stable to ± 5 /un for

beam position fluctuations up to 1000 Hz. These monitors also contain a set

of foil strip planes giving information on the intensity distribution projected

on to the two orthogonal axes, x and y. Data were acquired using 0.008 mm

thick, 0.90 mm wide aluminum foil strips at 1.00 mm centers. The foil strip

planes were able to determine the beam centroid to within ± 3 fan after one

hour of data taking with a 100 nA, 15 mm FWHM Gaussian beam.
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1 Introduction.

A measurement (1 ] of parity violation in p — p scattering at 230 MeV,

using longitudinally polarized protons, requires a significant amount of beam

control and monitoring equipment. Among the latter are intensity profile

monitors with fast feedback to steering magnets upstream in the beamline,

polarization profile monitors for determining the transverse polarization com-

ponents of the beam and an intensity stabilization feedback system to the

polarized ion source. Based upon a 6et of rigorous specifications, unique

monitoring instrumentation has been developed. This report deals with the

design, construction and testing of the intensity profile monitors.

Many forms of beam intensity profile monitors [2-9] have been devel-

oped. Most common are multiwire proportional chambers using a wire harp

bounded on either side by high voltage planes. By filling the region with

gas and keeping the electric field around the wire below the critical field for

avalanche multiplication [10], a reasonable gain can provide strong signals

even for low beam currents. An alternate method is to operate the cham-

ber in a vacuum and apply a positive potential to the high voltage plane.

Thus, the wires act as cathodes and liberate electrons to the high voltage

foils via secondary electron emission. If such a setup is used for intermediate

energy proton beam currents of the order of 500 nA, the relatively low yield

of secondary electrons (~ 4-5 % per ion per surface for 230 MeV protons

and scaling with *£) produces low signal strengths. Collection of electrons

on wires in a vacuum is not possible since there is no collision mechanism

capable of reducing the angular momentum. This problem can be overcome

by replacing the wires with foil strips of 0.008 mm thickness, providing an

increase in surface area. For a 500 nA proton beam with a Gaussian beam



profile of 15 mm FWHM, the secondary electron current from a single 0.90

mm strip would be 3 nA for the central beam region. By using wider strips

in the tails of the beam, outer channels can be kept at currents above 0.1 nA.

This range of current is easily handled with commercially available amplifiers.

The collection of secondary electrons is preferable to collecting ion pairs

because the yield of secondary electrons is directly proportional to the num-

ber of incident ions. A secondary electron emission device eliminates the

problems of handling gas and the non-linear recombination and space charge

effects of the gas at high beam current. For proper SEM operation, the mon-

itor must be kept in a high vacuum of 10~s to 10~6 torr. This keeps the

ionization current from residual gas well below the secondary electron emis-

sion current and reduces the possibility of the beam polymerizing the residual

gas containing hydrocarbon compounds, which would then be deposited on

the surface of the aluminum foil [10,11]. The buildup of such a polyatomic

layer would result in an increase in secondary electron emciency at the beam

location, and would produce a position dependence in the monitor.

There are two electron emission mechanisms that are present when an ion

passes through a metal foil [12]. The first is due to distant inelastic collisions

with the electrons and the second due to "free" electron elastic collisions

where a large amount of energy can be transferred to the electron. The first

mechanism creates low energy electrons peaked around 25 eV, which can be

scattered through large angles after one or two collisions in the material and

thus can be considered to be emitted isotropically. These secondary electrons

are emitted from a typical depth of 10"5 to 10"6 mm [13]. The second mech-

anism produces high energy electrons (6-rays), which can reach a maximum

energy of 0.54 MeV for a 230 MeV proton beam. The high energy part of

the spectrum can be approximated by,
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where me is the electron mass, Mp is the proton mass, Ep(= Tp + Mp) is the

total energy of the proton with TT its kinetic energy and 0 the direction of

the recoil electrons with respect to the incident ion trajectory.

The relative yield of these 6-rays is of i --ortance for the spectrum of

secondary electron emission monitors. Although the number of these high

energy electrons produced is orders of magnitudes less than that of the first

mechanism, the total energy lost by the proton to each of the two mecha-

nisms is roughly equal. Schou [14] has attempted to model the secondary

electron mechanisms by using Boltzman transport theory equations for many

kinds of incident particles based on the energy deposition law for the incident

particle in the medium.

Section 2 deals with the design specifications of the SEM intensity profile

monitor with consideration given to replacing gas filled beamline monitors.

Section 3 describes the level of operation reached with respect to noise and

performance. A brief description of the gain matching algorithm for cal-

ibrations is given in section 4 showing results of Monte Carlo simulations

complete with typical electronic and beam noise values. Section 5 summa-

rizes some major advantages of the monitor developed. Conclusions follow

in Section 6.



2 Monitor Specifications.

2.1 Requirements.

There are two basic tasks that the SEM monitor is to perform. The first

is to provide an asymmetry signal that is proportional to the displacement

of the median of the beam from a predefined position. This signal can then

be used in a feedback system to steer the beam and correct for any displace-

ments from this predefined position. Due to the high precision required for

the parity violation experiment [15], it is necessary to obtain beam centroid

stability of ± 10 fim for frequencies below 1 Hz. By using two sets of x

and y SEM monitors, feedback loops to two sets of aircore steering magnets

can be established and the beam can be held in position at two locations.

Consequently, both beam position and direction can be controlled.

The second task of the SEM monitor is to provide an intensity profile

in the x and y (transverse) directions of a Cartesian coordinate system with

the z-axis along the beam. The profiles are required to provide the centroid

of a 230 MeV, 500 nA, 20 mm full width J beam to an accuracy of ± 250

fim in one second. FVom this requirement follow the restrictions[16] that the

pedestals be known to ± 1.0 pA, the gains be calibrated to ± 1.0%, and the

electronic noise per channel be less than 60 pA for a one second integration

time. The beam intensity profile is obtained using 31 channels per frame

with twenty-one 0.90 mm wide, 1.00 mm center to center cathode foil strips

in the central region, eight 1.90 nun foil strips for the outer channels and two

25.0 mm wide foiL for the extremities.



2.2 Monitor Design.

The beam intensity profile monitor was designed to fit a standard beam-

line vacuum box. It was desired to place as little material in the beam as

possible, so high voltage foils and foil strips were constructed of 8 fim thick

aluminum foil, although aluminum foil as thin as 5 fim may be used in a

later configuration. This provides a low Z material with low mass, which

is able to withstand high beam currents, unlike available laminates. Foils

were cleaned with alcohol and mounted under tension with epoxy on a G10

fiberglass frame with a circular aperture of 87 mm diameter. There are a

total of 10 foils per monitor, or 85 ftxa of aluminum in the path of the beam.

Fig. 1 shows a schematic view of the intensity profile monitor. For the

position control of the beam, split foils are used. A cathode foil with a 1 mm

split down the center provides left and right signal foils sandwiched between

two high voltage anode foils at an applied potential of 300 volts. By applying

a positive potential on the high voltage planes, electrons are emitted from

the split foils and collected on the high voltage foils. The signal is taken

from the emitting foil, eliminating the possibility of detecting stray electrons

from other sources inside the monitor. The horizontal asymmetry signal is

obtained by performing the following analog division of the left and right

split foil signals,

L-R
J^ (2)

with a similar vertical asymmetry signal determined for the down and up

split foil signals.



Note that the above asymmetry signal is independent of the beam cur-

rent. If the beam current drops below a preset level, the beam position

feedback loop is automatically disabled to eliminate effects of an undefined

asymmetry signal. Forcing the horizontal and vertical asymmetries to zero,

by applying the appropriate steering signals via the upstream aircore steering

magnets, defines a reference point within the monitor, locking the position

of the beam. It is also necessary to remotely move the split foils in the x and

y directions. This allows the axis of the beam to be redefined. Fig. 2 shows

a schematic of the initial split foil motion control mechanism for the SEM

monitor using stepping motors' to give horizontal and vertical motion and

linear potentiometers2 for the position readout. Although backlash from the

potentiometers was of the order of 0.1 mm, approaching from one direction

achieved a position reproducibility of ± 13 pm. As a further improvement,

the split foil pack has been mounted on threaded shafts connected to motor

drives with a total travel of ± 25 mm. This will allow for even greater accu-

racy in positioning the SEM monitor on axis.

In order to use the secondary electron emission mode of operation for the

beam intensity profiles, aluminum foil strips were mounted on a G10 board.

The aluminum foil strips were cut at Los Alamos National Laboratory using

a YAG3 laser trimmer, which provided a 0.10 ±0.01 mm cut in the 8 pm

aluminum foils. These foil strips were mounted by hand and then checked

for positioning accuracy with a projection microscope to ± 5 //m. A high

voltage foil to foil strip plane distance of 3 mm was used on the SEM monitor.

'ORIEL DC ENCODER MIKE DRIVES model no 18212.
2BECKMAN INSTRUMENTS SERIES 400 LINEAR ACTUATION POTENTIOME-

TER model no 472-200-R5K-L25.

'RATHEON YTTRIUM-ALUMINUM-GARNET LASER, 1.06 micrometer wavelength,

400 W max power output.



The foil strip arrangement consists of 21 strips for the central region and 4

double width strips on either side of the central region to increase the current

on the outer channels. Inclusive of the single foils on either side of the strips

extending to the edge of the monitor, a total of 31 channels per plane provide

information on the beam profile. Fig. 3 is a schematic showing the foil strip

pack arrangement bolted directly to the rear face of the monitor vacuum

box. Note that there is no x-y motion control for the foil strip pack posi-

tion and the latter is located approximately 20 mm behind the split foil pack.

2.3 Electronics.

The four split foil signals (L,R,U,D) and the 62 signals of the foil strip

planes are passed to a two stage low noise current to voltage preamplifier.

The two stages consist of the OPA 128* with low input bias for operation

in the femtoampere region and the OP 27 for the final amplification. The

electronic layout is shown in Fig. 4, with a total gain from a 20 nA input

current to a 5 V output voltage for the split foils and from a 1 nA input

current to a 5 V output voltage for the foil strips.

The horizontal and vertical asymmetry signals are obtained by passing

the amplified split foil voltage signals to analog dividers as described in sec-

tion 2.2. The analog division is accomplished by supplying differential inputs

to a custom built unit based on a commercially available integrated circuit5.

The differential inputs help to reduce common-mode noise, for example from

ground loops. The resulting analog asymmetry signal is amplified by a vari-

4BURR-BROWN Operational Amplifier OPA 128 and OP 27.

'Analog Devices model no AD538.



able gain servo amplifier, which has a J (6 db/octave) high frequency falloff,

helping to stabilize the loop. The high frequency falloff is necessary to keep

the loop from forcing the beam into oscillations at the higher frequencies

where accumulated phase shift around the loop becomes large. This unit is

also needed to control the gain of the positioning feedback loop as changes in

beam shape and size can create a change in open loop gain. The asymmetry

signal then goes to the power supplies of the steering magnets. These power

supplies contain a high current operational amplifier6 capable of 30 amperes

operation. By applying a current of 25 amperes to the steering magnets, a

total deflection of 1.0 milliradians is achieved for 230 MeV protons.

For the readout of the intensity profiles, the 31 channel preamplifier sig-

nals were passed to a CAMAC ADC7 capable of sampling 32 differential

channels sequentially, taking 18 msec for an entire scan. The ADC was lo-

cated in a CAMAC crate 30 meters from the profile monitor, connected with

differential cables to reduce problems with ground loops. In the final config-

uration, each monitor will be read by two voltage to frequency converters8

coupled to 24 bit sealers. This setup will allow user control of the integration

time and faster response than a conventional integrating ADC.

3 Monitor Performance.

3.1 Split Foil Performance.

The actual experimental setup requires the two split foil monitors to be

separated by at least 2 m with aircore or ferrite core steering magnets lo-

cated upstream of both monitors. This setup defines the beam position at

'APEX mode) no PA 03.

'LeCROY ADC module 2232A.

'Analog Device* model no ADVPC 32.



two locations, and the x-y control of the split foils allows the beam axis as

defined by the monitors to be repositioned. The precise x-y position readout

of the split foil monitors will enable the position sensitivity of the parity

apparatus to be mapped out under experimental conditions. The associated

feedback loop can then be set to lock the beam on axis of minimum position

sensitivity, i.e., the "neutral axis" of the experiment.

The feedback loop performance was tested by passing the split foil asym-

metry signals to a fast Fourier transform analyzer set to a bandwidth of 10

Hz. Fig. 5 shows both the time domain and frequency domain asymmetry

signals with the beam feedback loop turned on and turned off. A calibration

was performed by displacing the monitor across the width of the beam. The

resulting asymmetry signal is approximately linear over the beam FWHM.

For the plot in Fig. 5, this calibration procedure yielded 1.84 mV asymmetry

signal per /im of beam motion. With the feedback loop turned on, the beam

displacement was reduced by at least a factor of 20. Fig. 5 shows the beam

displacement reduced to less than 5 pna in the frequency domain up to 10

Hz. Further tests showed that the beam displacement could be kept to less

than 5 ftm for frequencies up to 1000 Hz.

3.2 Foil Strip Performance.

The foil strips of the monitor were tested with no beam to determine the

electronic noise and ADC pedestal values. Fig. 6 shows the RMS current

noise for the central foil strips as read using a 12 bit ADC set to 0.488 pA

per channel, with a 0.1 second integrating time constant. This performance

was achieved by placing the preamplifier 0.5 m from the monitor box and

using differential cables which shield both the signal and the ground wires,

reducing the RMS noise to less than 1 ADC channel. The noise is well below

the specified maximum of 60 pA per channel for this integration time.
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The measured RMS current noise for all foil strips is within 1 ADC chan-

nel fct all but the outer edges of the monitor. The active region of these

foil segments ranges from the edge of the double strips at 19 mm to 43 mm

from the center of the monitor. Because these outer foil segments have a

relatively larger area, vibrations in the monitor produce measurable changes

in the capacitance leading to greater RMS current noise than on the smaller

strips. A reduction in vibrational noise was accomplished by connecting the

pumping station to the monitor box with a flexible hose. In addition, vibra-

tion damping of both the split foil and the foil strip assemblies was achieved

by mounting be*h foil packs to their supports using rubber grommets. Care

was taken to ensure that the mounting was secure to maintain the accuracy

of the position readout.

By recording the spectra of the foil strips during beam off runs, the elec-

tronic pedestal values were determined. Fig. 7 is a typical plot of one set of

the 31 preamplifier pedestal values. The requirements were that the pedestal

values be determined to ± 1 pA. As can be seen from the figure, the pedestals

are randomly distributed with a mean of 0.2 pA and standard deviation 1.2

pA, which is well within the requirement of the monitor. To determine the

evolution of these pedestal values, a number of beam off runs was taken. No

pedestal value exceeded ± 1.5 pA or had changed by more than 1 pA during

a 3 hour test.

From a test run sampling a 120 nA beam, a typical beam profile deduced

from the foil strips is shown in Fig. 8 with the gain of each channel calibrated

as discussed in the following section. Pedestals were negligible and were

therefore not subtracted. The beam width at the monitor was 14.1 mm

FWHM. For this plot, the current from the outer double width foil strips

has been plotted at half its measured value and spaced over 2 single width

11



channels. For this profile, < x > = 226 (tm. The systematic uncertainty due

to gain calibration, electronics noise and electronics pedestals is <7<5>= 13

fxm. Beam fluctuations during the data taking were more important than the

statistical error and created an uncertainty of the order of 1 fxm. Further,

< x2 >i equals 6.440 mm with a systematic uncertainty of<7 , j = 110

/jm, beam fluctuations created an uncertainty of 7 ftia.

A Gaussian fitted to the beam profile of Fig. 8 has the following parameters

x = (229 ± 155)/im and a = (6.739 ± 0.160)mm.

4 Gain Calibration.

The fourth requirement to be met is the calibration of the foil strip gains

to ± 1.0 %. This gain factor takes into account the electronic gain of the

operational amplifier circuit and the surface area and efficiency of the indi-

vidual aluminum foil strips.

The simplest method for gain calibration is to make use of identical beam

intensity profiles by positioning the beam at two accurately determined lo-

cations. The beam can be locked on the split foils to keep the beam stable

during data taking and the position readouts of the split foil pack for the two

locations will give the shift of the beam profile. The gain factors can then

be determined in software by requiring the two profiles to be identical with

the exception of the known centroid shift. Analytically, the current signals

for the Ith channel of the 2 distinct profiles are given by:

If = gil.e-l**1??'*2' (3)

J? - */oe-<*-W (4)
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where # ( ~ 1.0) is the unknown gain of the ith channel, x0 is the \ width of

the beam profile, lo is the normalization factor and So is the total centroid

shift from one profile to the other. The gain calibration algorithm introduces

a shift of 6 (= —6O) to the second profile. Any differences in the two profiles

will be a result of gain errors and can be corrected by applying the gain

correction factors G\ such that

(5)

When the gain correction factors 6\ (= -*-) are applied to the observed foil

strip current readings, the corrected current distribution is exactly equal to

the true beam intensity distribution and is independent of the position of the

beam at the monitor. The accuracy to which the gain correction factors G,

must be determined from the algorithm is obtained as follows. For mathe-

matical simplicity the shift 6 is chosen to be an integer number of channels.

The gain of channel i + 6 is:

9iGi e-(*.
Gi+t =

hence;

x\

where 6 = —6a. Starting from the central channel t = 0 where the gain is

most accurately determined, the error on neighbouring channels increases

parabolically with distance from the center of the monitor as seen in eqn. 7.

The readout system for the split foils is designed for a reproducibility of

13



± 1 3 fim which leads to an error on the imposed beam centroid shift of ±

18 /tm. For the outer single width strips, this uncertainty for a 6 = 1 mm

beam shift of a x0 = 20 mm full width * beam spot would translate into a

fractional gain error of 0.8 %. A shift that will determine the gains to below

± 0.5 % for this two step algorithm is of the order of 10 mm. A fractional

gain error of ± 0.5 % allows the presence of other systematic errors while

still attaining the 1 % gain calibration requirement.

As stated above, the two profile method does require a profile shift of the

order of 10 mm, which was far too large for the aircore steering magnets in

the beamline configuration used. It was thus necessary to use the last bend-

ing magnet in the beamline and generate the profiles consecutively. However,

the assumption must be made that the profiles do not change shape between

the two measurements. This condition could not be met in the test data, so

the two profile method was abandoned.

An alternate method relies on three identical beam intensity profiles

shifted by smaller amplitudes than required for the two step procedure. The

aircore steering magnets of the fast feedback system can be controlled to steer

the beam ± 1 mm from a central position to produce three profiles. The es-

sential feature of this calibration procedure is that the position shift between

neighbouring profiles is identical. The two step gain calibration is performed

on the two sets of neighbouring profiles independently. By demanding con-

sistency of t ie two independent calibrations, the gains of the preamplifier

channels can be determined to sufficient accuracy without knowing the ab-

solute value of the beam profile shift.

Before any data were taken, both calibration procedures were tested with

simulated data. Computer generated profiles with foil strip current and noise

14



distributions as expected for a 1 hour calibration run during actual parity

data taking with a 500 nA proton beam were analyzed to test the extraction

of gain correction factors G, from a preset random gain distribution <?,. Re-

sults of the two procedures are shown in Fig. 9 where the product G,gt is

plotted for each foil strip channel. Note that for correctly deduced G,, the

product G,g, — 1.00. The error bars are the statistical fluctuations expected

for a 1 hour calibration run. The upper part of Fig. 9 shows the results of

the two step algorithm and the lower part shows the results of the three step

( 2 x 2 ) algorithm. As the main parameter of the gain calibration algorithms

is the quality of strip comparisons, the computer simulations were made for

31 single width foil strips. Truncation of a symmetric intensity profile dis-

tribution does not introduce any error on the centroid determination. For

non-symmetric intensity profiles, truncation may be introduced as long as the

shape of the profile is known and the truncated parts are estimated through

fitting the measured profile using the known shape as a template. The final

goal of the intensity profile monitor being to observe beam moment changes,

its dependence on truncation is reduced.

5 Results.

In this section, independent experimental tests of both the gain calibra-

tion procedure and the ability of the monitor to detect systematic position

centroid shifts of ~ 10 ftm are discussed.

A test of the gain calibration procedure was to perform the gain cali-

bration on real data to extract the correction factor Gt. Shown in Fig. 10

are gain correction factors G, for the central 21 single width foil strips for 2

independent runs. The runs were taken two hours apart during which time



the 15 mm FWHM beam was moved 3 mm to the right. The beam current

for these test runs was 100 nA. During the parity violation data taking ex-

periment, improved statistics are expected due to the 500 nA beam. Since

the true gains g, cannot be independently known, there is no absolute test

G,g, — 1.00 as in the simulated case. The requirement for good performance

is that the extracted correction factors d be consistent from several indepen-

dent calibration runs spread over a reasonably long time period and taken

under a variety of beam conditions.

A second test of the intensity profile monitor was to feed a square wave

signal to the steering magnet supplies to provide alternating ± 5 fim shifts

accumulating profiles in the two position states. This was performed for a one

hour run at a sampling rate equal to the steering rate of 0.7 Hz. The aircore

steering magnets were calibrated to determine the steering signal needed to

produce a beam centroid shift of 10 fim by shifting the beam by 100 fiia and

scaling the required value for a 10 fim shift. The average centroid shift for 3

runs was determined as 10 /un ± 1 fim. The systematic error is ff<f> = 17

fim for a 50 nA beam. Beam fluctuations during the 30 minute resulted in

an error of less than 1 fim. The performance of the intensity profile monitor

is summarized in table 1.

6 Conclusions.

For common usage, the SEM monitor compares favorably with gas filled

monitors for beam currents as low as several tens of nanoamperes, when the

foil strips are instrumented with suitable high gain, low noise electronics.

The monitor has demonstrated that it can meet the stringent performance

specifications of a parity violation measurement in p — p scattering at 230

MeV. To meet these special performance criteria, great care was taken in

16



the physical construction of the monitor and the choice of electronics compo-

nents. A software gain calibration procedure enabled residual imperfections

in the geometry and hardware component matching to be corrected for. A

total of 3 monitors have been constructed of which 2 will be used in the

parity violation experiment.

Work supported in part by the Natural Sciences and Engineering Re-

search Council of Canada and the United States Department of Energy.
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7 Figure Captions.

Figure 1. Assembly of the split foil and foil strip pack G10 frames.

Figure 2. Schematic of the x-y motion control of the split foil assembly.

Figure 3. Schematic of the mounting of the foil strip assembly.

Figure 4. Electronic layout for the foil strip channels as well as the L,R,D

and U split foil signals.
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Figure 5. Upper plot; Beam position control for feedback loop on and

off in the time domain. Lower plot; Beam position control for feedback loop

on and off in the frequency domain. Note that the spectrum for loop on is

multiplied by a factor of 10. FFT bandwidth is set to 10 Hz.

Figure 6. Electronic noise of the central profile monitor channel measured

with beam off.

Figure 7. Pedestal spectrum of the 31 channel preamplifiers.

Figure 8. Typical beam intensity profile produced from the aluminum

foil strips (16 mm FWHM). Beam current is 120 nA. The currents measured

on the outer four strips (either side) were divided by two before plotting.

Figure 9. Comparison of the computer simulations for the two (upper)

and three (lower) step gain matching algorithms. Plotted on the ordinate is

the product G,g, which should be exactly equal to 1.0, versus channel num-

ber t. The statistical error is that expected for a one hour calibration run at

500 nA.

Figure 10. Three step gain calibration results for two runs separated by

two hours.
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Parameter

median

stability

centroid

determination

signal pedestal

(bias current)

electronic

noise

gain

calibration

split plate

position accuracy

strip position

determination

Design Specifications

± lOfxm

(fluctuations < 1 Hz)

± 10 ftm

(one hour)

± 1.0 pA

(all channels)

±60pA

(one second

integration time)

± 1.0%

(all channels)

± 13 faa

(relative position)

± 5 ftm

Performance

± 5 /un

(fluctuations < 1 kHz)

± 1 ftm

(30 minutes)

± 0.1 pA

(short term drifts)

± 7 p A

(one second

integration time)

± 1.0 %

(better for inner

channels)

± 13 ftm

(relative position)

± 4.5 fan

Table 1: Comparison of monitor design criteria and the performance observed

for the SEM monitor.
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