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Abstract

The optical properties of the BigBite spectrometer currently in use at the Internal Target Facility of the AmPS ring at
NIKHEF have been determined. The spectrometer, which consists of a single dipole magnet, combines a large solid angle
with a large momentum acceptance. The track of a particle is determined from the information of two sets of drift
chambers behind the magnet. Tracing this track through the magnetic field to the target yields the position of the
scattering vertex and the size and direction of the momentum vector of the scattered particle at the target position. These
quantities are calculated using an analytical approximation of the spectrometer, followed by a refinement with the matrix
method. The p-resolutions of the reconstruction for 600MeV electrons are 3mrad for the angles, 3.2mm for the vertex
position, and 8.4]10~3 for dp/p. ( 1998 Elsevier Science B.V. All rights reserved.

PACS: 29.30.Aj; 41.85; 29.25.-t; 25.30.Bf
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1. Introduction

Electron scattering experiments like those con-
ducted at the Internal Target Facility [1,2] of NIK-
HEF require the determination of the energy and

*Corresponding author. Tel.: #31 20 592 2076; fax: #31 20
592 5155; e-mail: josst@nikhef.nl.

momentum transfer (u, q) of the electron and, since
extended targets are used, the position of the scat-
tering vertex. In a preceding article [3] the newly
constructed BigBite spectrometer, which provides
this information, has been described. This spec-
trometer is characterized by a large solid angle
(96msr) combined with a very large momentum
acceptance (200—900MeV/c). The spectrometer
consists of a single dipole magnet followed by a de-
tector system which provides accurate timing
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(p"0.75 ns) through the use of a fast scintillator,
and tracking information by two sets of drift cham-
bers separated by 700mm. A diffusely reflecting,
threshold C[ erenkov detector provides discrimina-
tion between relativistic and non-relativistic par-
ticles. The resolution of the coordinate measure-
ments in the drift chambers is about p"150lm in
the dispersive direction, and about p"100lm [3]
in the non-dispersive direction.

The design goal of the detector system is to
achieve a momentum resolution for the scattered
particle of p"0.5%, a position resolution along
the length of the target of 5 mm, and an angular
resolution in both the scattering plane and the
out-of-plane direction of 4 mrad. The coordinates
at the target have to be obtained from the positions
measured in the wire chambers with the help of
backtracking techniques. In principle, the back-
tracking can be done by calculations based on
a field map of the magnetic field. However, small
misalignments of the components of the spectro-
meter introduce systematic errors. One may elimin-
ate those by performing calibration experiments in
which the direction and energy of the incoming
particles are known [4]. From the measured posi-
tions in the detector package it is then possible to
calculate the transfer coefficients (matrix elements)
to perform the required backtracking calculations
for actual experiments. This technique has success-
fully been employed for the QDD and QDQ spec-
trometers at NIKHEF using scattering off a thin
12C foil and a so-called sieve slit [5,6]. For BigBite
the use of a sieve slit is not appropriate. In internal
target experiments at NIKHEF the target is an
open-ended storage cell, filled with low-pressure
hydrogen or helium gas [7]. This results in ex-
tremely thin targets. The sieve slit with narrow
holes which are necessary to obtain a well-defined
position, in combination with the large length of
the interaction region, would result in extremely
small values for the count rates. In addition, the
non-focusing behaviour of BigBite would hamper
the interpretation of the results.

For these reasons we have opted for a different
approach. The calibration was performed in two
steps. In the first experiment, in which a carbon rod
was placed at the target position, the angle vari-
ables were determined. The beam of electrons in the

storage ring was guided by means of steering mag-
nets away from the rod, such that only a small
fraction in the tail of its spatial distribution hit the
target. The position of the scattered electron was
measured by an additional wire chamber placed in
front of the magnet. The geometrical variables were
reconstructed for two different vertex positions and
within the full energy range. In a second experi-
ment, coincidence measurements were performed
on helium and hydrogen isotopes in which also the
momentum of the scattered electron could be cal-
culated. This allowed calibration of the measure-
ments of this variable by the BigBite spectrometer.
The use of a long gas target also allows to optimize
the reconstruction of the geometrical variables for
the full range of vertex positions. The experimental
setup is described in Section 2. In Section 3 the
coordinate systems are defined and the transforma-
tion from detector to target coordinates is treated.
The results achieved with this spectrometer form
the subject of Section 4.

2. Experimental details

The transfer coefficients are easily obtained when
a dataset is available in which, for each event, the
target variables and the corresponding positions
and angles at the location of the detector are mea-
sured. Because of the large acceptance of the spec-
trometer in momentum, in solid angle, and in
the position of the scattering vertex, such a data-
set should be very large, and thus is time-
consuming to obtain. The two-step process we
have used employs a dedicated target and an extra
wire chamber between the target and the spectrom-
eter. In this section, the point-like targets and the
multi-wire chamber used in the calibration are de-
scribed.

2.1. Target

Several target configurations have been con-
sidered for the backtracking studies: a microfoil,
a thin wire, and a thicker rod which is only grazed
by the beam. In this section it will be shown that
only the last of these is compatible with beam in the
storage ring without destroying the target.
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The introduction of a target in an electron stor-
age ring causes a reduction of the lifetime of the
beam in the machine through a number of mecha-
nisms of which single (nuclear and electronic) scat-
tering, multiple Coulomb scattering, and Brems-
strahlung are the most important. The effects of
multiple and M+ller scattering scale with the nu-
clear charge number Z. The single nuclear scatter-
ing scales with Z2, but its contribution falls with
energy and is small for typical electron energies in
AmPS. The effect of Bremsstrahlung is energy inde-
pendent and scales with Z(Z#1). In Ref. [8] it is
shown that the inverse lifetime of the beam, after
correction for the lifetime in the empty ring, scales
with Z(Z#1), and therefore, the latter is the domi-
nant mechanism. The lifetime was measured to be
about 2 min for a 4He-target with a thickness of
1]1015 atoms cm~2 [9]. The maximum permis-
sible thickness for a carbon target is therefore
1.4]1014 atoms cm~2. A 1lm thick graphite foil
(density o+2g cm~3) contains 1]1019atoms cm~2

and reduces the lifetime of the beam to less than
1ms. Therefore, the use of such a target is excluded.

A thin wire, which intercepts only a small frac-
tion of the beam, might be used while maintaining
a reasonable lifetime of the beam. The disturbing
effect of such a target causes some beam particles to
lose their synchronicity with the RF-system of the
machine. This is counteracted by radiation damp-
ing with a characteristic time of 122ms at an energy
of 600MeV [10]. When a particle interacts on an
average less than once with the target within
a damping time, the loss of the particle may be
prevented. However, in this case the heat generated
by the interaction of the beam with the wire (QQ

"%!.
)

outstrips the cooling (QQ
#00-

) causing damage to the
wire. The heating by the beam is caused by energy
loss processes (660 keV mm~1 per electron for car-
bon), and can be estimated assuming a Gaussian
beam profile:

QQ
"%!.

"660 (I
0
/e) d

%&&
erf (d

%&&
/2p

x
), (1)

where d
%&&

is the effective diameter of the target wire
(mm), I

0
the beam current (mA), and p

x
the hori-

zontal size of the beam (0.25 mm at the target in the
case of AmPS). The heat generated QQ

"%!.
is then

given in electron volts. The error function, erf, is
used to calculate the fraction of the beam intercep-

ted by the target. In a wire with a diameter of 5 lm
the heat load is about 3 W at a beam current of
100mA.

The most important cooling mechanism in vac-
uum is radiation. Sublimation of graphite at
¹

46"-
"3640K occurs before melting. The max-

imum power lost by radiation can then be cal-
culated from

QQ
#00-

"pd 10p
y
ep (¹4

46"-
!¹4

300.
), (2)

where d is the diameter of the wire (mm), p
y

the
vertical size of the beam (0.25mm in the case of
AmPS), e the emissivity of the target (0.4), and p
the Stefan—Boltzmann radiation constant (5.67]
10~14Wmm~2K~4). The factor 10 takes into ac-
count some spreading of the region of high temper-
ature by conduction. The heat lost by radiation is
only about 150 mW at the highest permissible tem-
perature, much less than the 3W heating power
found above. This excludes the use of a thin wire in
the beam to implement a localized target for the
calibration of the spectrometer.

The energy available for heating the target can be
reduced by making sure that the same beam-par-
ticle can only pass once through the target. This
can be done through the use of a thick target. The
amount of energy deposited in the target is then
limited by the short time it takes to lose all the
current from the machine. The total energy in this
case is

¼"660 (I
0
/e) d q

0
, (3)

where q
0

is the revolution time in AmPS (700 ns).
This energy is limited for example to about 90mJ
for a 2 mm thick target and causes a temperature
rise of only about 100 °C. In order to obtain a rea-
sonable lifetime of the beam only a very small
fraction of the current may pass through the target.
This can be achieved by skimming the target at
a safe distance, which may gradually be decreased
during the lifetime of the beam to keep the intercep-
ted current approximately constant. The design of
AmPS allows the application of a local displace-
ment of the beam in the target region [10], which is
needed for this technique.

Therefore, the target is made of two 2 mm dia-
meter rods of graphite, mounted at a distance from
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the closed orbit of 1 and 3mm, respectively, dis-
placed towards the centre of the storage ring. One
rod is mounted on the axis of rotation of the spec-
trometer, the other 15 cm downstream from that.
During injection the beam is steered about 7mm
away from the centre of the ring, clear of the target.
When the beam is damped to its closed orbit, the
distance to the target is reduced to about 2.5mm to
achieve a lifetime of the beam of a few minutes, and
a count rate in the BigBite detectors of a few hun-
dred events s~1.

2.2. Vertex chamber

For the calibration experiment a multi-wire pro-
portional chamber with a sensitive area of
32]64 cm2 was mounted between the target and
the entrance of the BigBite spectrometer. The
chamber determines, together with the target posi-
tion, the track of the particle before the magnet. It
consists of two planes; the sense wires are strung at
a pitch of 2mm in both the horizontal and vertical
directions. The vertical wires are connected individ-
ually to the read-out electronics, the horizontal
wires are first grouped in pairs. Only the central
16]60 cm2 of the chamber was instrumented.
The electronics determines which wires have a sig-
nal within a 30 ns window around the event as
defined by the spectrometer. The start and dura-
tion of this window can be adjusted to accommod-
ate the full range of drift times. The chamber is
operated at a high voltage of !3350 V applied
to the cathode foils, and is flowed with a mixture
of argon and isobutane in a ratio of 2 : 1 in vol-
ume. A more detailed description can be found in
Ref. [11].

The MWPC is mounted at a distance of 65 cm
from the target, perpendicular to the central
ray through the BigBite spectrometer. Its posi-
tion is fixed with two dowel pins. The angular
resolution provided by the combination of target
and MWPC is therefore, given by the wire pitch
and amounts to 3 mrad (p"0.9mrad) in the hori-
zontal, and 6 mrad (p"1.8mrad) in the vertical
direction. In actual experiments with BigBite, this
chamber is removed to avoid the multiple scatter it
causes.

3. Calculation of target coordinates

The central ray is defined to be the trajectory of
a particle in the symmetry plane of the magnet,
starting at the centre of the target in the direction
perpendicular to the entrance face of the magnet
and in the magnet is bent with a radius R through
an angle a. For the BigBite spectrometer these
construction parameters are R"1.81m and a"
25°. A curvi-linear coordinate system is defined
everywhere along this trajectory with its z-axis
directed along the central ray, the x-axis in the
symmetry plane pointing away from the centre of
curvature, and the y-axis directed to make a right-
handed system. Two special instances of this coor-
dinate system will be used in this section. The first
has its origin, O

5
, at the centre of the target and the

second with its origin, O
$
, in the detection plane.

The detection plane is defined to be the plane
through the sense wires of the first half of the first
drift chamber. Cartesian angles h and / are defined
to be the angles with the z-axis in the xz-and
yz-planes, respectively. This section describes the
transformation from the coordinates measured in
the detection plane (x

$
,h

$
,y

$
,/

$
) to the target coor-

dinates (p
5
,h

5
,y

5
,/

5
), where p

5
is the momentum of the

particle.
The coordinates at the target have to be obtained

from the measured position and direction of the
track of the particle behind the magnet with the
help of backtracking techniques. In principle, the
backtracking can be done numerically by calcu-
lations based on a (measured) field map of the
magnetic field. This would, however, entail a pro-
hibitively large demand on computer time when
done on an event by event basis. In addition small
misalignments of the spectrometer components in-
troduce systematic errors, which are difficult to
correct for. Another method is to write any target
quantity H

5
as a polynomial in the detector-plane

coordinates [12],

H
5
" +

i,j,k,l

a
i,j,k,l

xi
$
hj
$
yk
$
/l
$
. (4)

In the case of focusing spectrometers with rela-
tively small opening angles, the degree of these
polynomials and the sum of i,j,k,l is small (3 or 4)
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and many of these elements are zero [5,6]. BigBite
is a non-focusing spectrometer and has large ac-
ceptances; therefore, many coefficients are needed.
These could be obtained by performing a calib-
ration experiment in which the position and energy
of the incoming particles is correlated with known
values for the target variables. The large number of
coefficients makes this a difficult venture. We opted
for a third method. In a first step, the backtracking
is performed analytically, using a simplified model
of the spectrometer. The result of this calculation is
then corrected by adding a contribution of the type
given by Eq. (4). In this case, the number of coeffi-
cients needed is much lower, and they can easily be
obtained in a calibration experiment.

3.1. Dispersive coordinates

In the dispersive plane, the detector coordinates
x
$

and h
$

are measured. The target coordinates
p
5
and h

5
are closely associated with these variables.

The first step in the determination of the target
variables is the analytical calculation of these coor-
dinates in a simplified model of the spectrometer.
Fig. 1 shows a view of the dispersive plane. The
field of the magnet is assumed to be homogeneous
between the poles and zero outside this domain.
The fringing fields are accounted for by extending
this region slightly. In Fig. 1, the resulting effective
field boundaries are indicated by the dotted lines.
The track of the particle, as measured by the wire
chambers, is traced back to the backward field
boundary. Inside the magnet, the trajectory follows
an arc of a circle which intersects the forward field
boundary from where a straight path leads to the
target. The condition that both straight sections of
the trajectory are tangential to the arc is sufficient
to calculate the position of the centre and the size of
the radius of the circle. This trajectory is approxi-
mated by tracing the track from the wire chambers
to the centre line of the magnet and connecting the
intersection with the target point (see Fig. 1). That
this yields a good first order description is illus-
trated in Fig. 2a, where the correlation is shown
between the calculated angle h

5
and the angle

h
7%35%9

observed by the vertex chamber. The remain-
ing differences (RMS value 14.1mrad) are mini-
mized by adding corrections of the type given in

Fig. 1. View of the dispersive plane of the BigBite spectrometer.
The dotted lines labelled EFB indicate the effective field bound-
aries. The position of the wire chambers is indicated by wc.

Fig. 2. Correlation of the measured angle h
7%35%9

of the track of
the particle and the angle h

5
as obtained from the BigBite

spectrometer. Panel (a) shows the result after the first, analytical,
step. Panel (b) shows the result after the corrections of the type
given in Eq. (4).

Eq. (4). It is sufficient to apply only first and second
order corrections, i.e. i#j#k#l)2. Fig. 2b
shows the same correlation after this correction; the
resulting RMS value is 6.1mrad.
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3.2. Non-dispersive coordinates

If a charged particle enters a region with a uni-
form magnetic field at right angles to its edge, no
deflection will occur in the non-dispersive plane.
However, when the trajectory is not perpendicular
to this edge, a small angular deflection in the non-
dispersive direction will result. This deflection was
calculated by Penner [13] to be

*/"!(y/R) tanb, (5)

where b is the angle of the projection of the traject-
ory on the symmetry plane of the magnet with the
normal on the effective field boundary, y is the
distance to this symmetry plane, and R is the
radius of curvature of the track of the particle.
The effect on leaving the field region is the same,
but has the opposite sign. Fig. 3 shows a projec-
tion of a track on the yz-plane, where the two
deflections are clearly visible. The first estimate of
the angle /

5
is easily calculated by adding the

two deflections according to Eq. (5) to the angle
/
$

as determined by the wire chamber data. The

Fig. 3. View of the non-dispersive plane of the BigBite spec-
trometer. The position of the wire chambers is indicated with wc.

correlation between this angle and the angle
/
7%35%9

is used to further refine the calculation by
adding, as in the case of h

5
, corrections of the type

given in Eq. (4).
The displacement in the y-direction is calculated

for each of the three segments of the trajectory
by multiplying the lengths of these segments
with the appropriate factor tan /. The vertex posi-
tion y

5
, finally, is obtained by adding these displace-

ments to the position y
$

determined by the wire
chambers. A data set with two target rods at two
different positions along the beamline, and thus
two different values for y

5
, was used to deter-

mine corrections of the same type as those used for
h
5
and /

5
.

3.3. Momentum

In Section 3.1, the first step has been described.
The result for the radius R obtained in this step is
used to determine the initial estimate of the mo-
mentum p

5
. Corrections of the type given in Eq. (4)

are added to this result in the second step. The data
sets are obtained in the experiments in which the
elastically scattered electron is measured in coincid-
ence with the recoil nucleus, the momentum and
identity of which were determined by the Recoil
detector [14]. The elastic events are identified by
the known correlations between kinematical vari-
ables. The momentum of the scattered electron can
be calculated from the same relations. We used
the elastic 4He(e,e@a), 3He(e,e@ s), and 1H(e,e@p)
reactions over a wide range of incident electron
energies.

4. Results

The resolutions for p
5
,h

5
,y

5
, and /

5
of the BigBite

spectrometer were determined in two different ex-
periments. The first experiment used single-arm
12C(e, e@) scattering from the target described in
Section 2.1, while the second consisted of coincid-
ence measurements using the elastic 4He(e, e@a),
3He(e, e@ s), and 1H(e, e@p) reactions with a gas tar-
get. The geometrical variables (h

5
,/

5
, and y

5
) could

be compared to the data from both experiments,
while p

5
was accessible only in the last one.
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4.1. Angular coordinates

The direction of the track leaving the target was
determined using the vertex detector (see Sec-
tion 2.2) and the known position of the target. The
position of the vertex detector was fixed with re-
spect to the magnet of the BigBite spectrometer
which, in turn, was surveyed relative to the target
point. The uncertainty in the alignment was esti-
mated to be less than 0.1mm, except for the hori-
zontal position of the vertex chamber. No pre-
cision marks were available for the location of
the vertical wires, therefore, this position was de-
rived from data taken with the magnet switched off.
The (vertical) position of the beam has been ob-
tained from the control system of the AmPS ring.
The estimated uncertainty in this position is 2mm
but its stability is much better. The beam position
and its RMS-variation have been studied using
a laser Compton scattering technique [15]. The
variation in the beam position between fills, and
within fills at different beam-currents, was found to
be 30lm [16], which is close to the precision of the
method.

Fig. 4 shows the distribution of the differences
between the angular coordinates at the target cal-
culated from the spectrometer and the results ob-
tained from the vertex chamber. The resolution of
the spectrometer is estimated from these plots by
taking the widths of the distributions and subtract-
ing in quadrature the contribution from the vertex
chamber (0.9 and 1.8mrad in the horizontal and
vertical directions, respectively, see Section 2.2).
The introduction of the vertex chamber (thickness
0.09% of a radiation length) in the path of the
particle introduces an additional contribution to
the multiple scattering. This contribution
((1mrad) was subtracted from these values.
Fig. 5 shows these resolutions (widths) as a func-
tion of the energy of the scattered electron. The
resolution shows, apart from a constant term,
a contribution which depends on 1/E as expected
for multiple scattering inside the spectrometer.
Note that in the case of the single-arm experiment
any scattering which occurs close to the target (e.g.
in the cell wall and in the window of the scattering
box) can be ignored. The direction of the track is
changed, but both the vertex chamber and the

Fig. 4. Distributions of h
7%35%9

!h
5
and /

7%35%9
!/

5
.

Fig. 5. Resolutions of h
5

and /
5

as a function of energy of
the detected electron. The widths were corrected for the
contribution from the multiple scattering caused by the vertex
chamber.

BigBite spectrometer measure the direction of the
track after the scattering, and thus no correction is
necessary in the comparison of these results.

The different energy dependence of the h
5

and
/
5
resolution is caused by the different coefficients
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linking h
5

to h
$

and /
5

to /
$
, respectively. The

leading term for h
5

is h
5
"!0.63 h

$
#2, while

/
5
"/

$
#2. Thus, the effects of multiple scatter-

ing in the air in the flight path and the foils of the
MWDCs are reduced for h

5
, but remain present in

full for /
5
.

In a separate experiment, the same angles were
determined in the kinematically over-complete
elastic 4He(e,e@a) reaction. For the detection of the
recoiling 4He-nucleus the recently developed Recoil
detector was employed [14]. The laboratory coor-
dinate frame is used with its origin at the centre of
the target which coincides with the axis of rotation
of the BigBite spectrometer. The z-axis in this sys-
tem points in the direction of the electron beam, the
x-axis is in the plane of the AmPS ring pointing
outward, and the y-axis points up to make a right-
handed system. Polar angles h

-!"
and /

-!"
are de-

fined in the usual way. The Cartesian angles h
5
and

/
5
can be expressed in the laboratory frame in the

following way:

tanh
5
"

!y
-!"

Jx2
-!"
#z2

-!"

"

!sinh
-!"

sin/
-!"

Jcos2h
-!"

#sin2h
-!"

cos2/
-!"

,

tan(h
BB
#/

5
)"x

-!"
/z

-!"
"tan h

-!"
cos/

-!"
, (6)

where h
BB

is the angle between the optical axis of
the spectrometer and the beam.

The direction of the scattered electron in this
frame is described by the following equations. Both
scattered particles and the beam are within a single
plane, therefore

/a
-!"

!/%{
-!"

"p. (7)

The scattering angle of the electron can be cal-
culated from the energy of the recoiling a-particle

sin 1
2
h%{
-!"

"S
m

a
¹

a
2E

0
(E

0
!¹

a
)
, (8)

where E
0

is the initial electron energy and m
a

the
mass of the recoiling nucleus. The kinetic energy of
the a-particle can be determined precisely
(d¹

a
"0.1MeV [14]) and the energy spread of the

stored beam (dE
0
/E

0
"1]10~4 [17]) is small.

Fig. 6 shows the distributions of the deviations of

Fig. 6. Distributions of /a
-!"

!/
-!"

!p and h%{
-!"

!h
-!"

.

the measured angles, converted to the laboratory
frame, from the calculated ones. The peaks are not
centred around zero, showing the effect of system-
atic errors. The offset in the azimuthal angle is
caused by the non-zero y-coordinate of the beam.
The effect of a 1 mm offset of this position is
#6 mrad in /a

-!"
and !1.3mrad in /%{

-!"
. The ob-

served peak position in Fig. 6a can be attributed to
a misalignment of !1.4mm in the beam height,
which was not independently measured. The sys-
tematic error in the scattering angle is dominated
by the uncertainty in the absolute value of E

0
. In

the injection process, a small change ((0.8%) of
the electron energy in the downward direction is
allowed to ease the capture of the beam from the
linac (RF-frequency 2856MHz) into the AmPS ring
(RF-frequency 476MHz). This affects the deter-
mination of h%{

-!"
, which will shift !1mradMeV~1.

If the observed deviation from zero (!3mrad) in
the peak position in Fig. 6b is caused fully by the
error in the absolute value of E

0
, this would mean

a 3 MeV lower energy, which is within the range
mentioned above. A second contribution stems
from a possible misalignment of the vertex chamber
during the calibration, which will effect h

-!"
. This is

inextricably mixed with the former but is estimated
to be smaller.
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The angles h
5
and /

5
have a limited range deter-

mined by the solid angle of the spectrometer. In this
range, Eq. (6) can be approximated by

h
5
+!(sin h

BB
)/

-!"
,

/
5
+h

-!"
!h

BB
. (9)

The resolution in h
5
is derived from Fig. 6a. The

distribution of /a
-!"

!/
-!"

!p has a width
p"7.26mrad. The resolution of the Recoil de-
tector in this direction is given by the width of the
horizontal silicon strips (3.14mm) and the distance
of the Recoil detector to the centre of the target
(17 cm). It amounts to p"5.33 mrad. The resolu-
tion in h

5
is calculated from Eq. (9) using the posi-

tion of the BigBite spectrometer (h
BB
"30°) with

the resulting width of p"2.5mrad. In the other
direction, the resolution is obtained from Fig. 6b
(p"3.20mrad) corrected for the uncertainty intro-
duced by the calculation of h%{

-!"
(p"2mrad). The

result in this direction is also p"2.5mrad. These
values still contain a contribution from multiple
scattering in the target cell and the exit window of
the scattering box (1mrad). After correction for
these contributions, the angular resolution of Big-
Bite is found to be 2.3mrad. This value is close to
the value obtained with the resolutions as deter-
mined by means of the vertex detector (3.0mrad at
600MeV for h

5
and /

5
, see Fig. 5). The slightly

better resolution as determined in the coincidence
experiment is caused by the fact that, in this case,
only a limited part of the acceptance of BigBite has
been exploited, while in the single-arm data, the full
acceptance was used. Analyzing the same data as in
Fig. 5, but restricting the acceptance to a region
similar as that used in the coincidence measure-
ments, reproduced the 2.3mrad result.

4.2. Vertex position

The resolution in the determination of the vertex
position was measured in two ways. First, the
single-arm 12C(e,e@) data were used. In this experi-
ment, the target consisted of two carbon rods
mounted close to the beam 15 cm apart (see Sec-
tion 2.1). The known positions of the rods (z"0
and z"#15 cm in the laboratory frame) are ex-
pressed in BigBite coordinates (y

30$
"0 and

Fig. 7. (a) Distribution of y
5
!y

30$
. (b) The width of this distri-

bution as a function of the energy of the detected electron.

y
30$

"15 sin h
BB

cm). The difference between the
values calculated from the BigBite information
y
5
and y

30$
is shown in Fig. 7a. The width of the

distribution is p"0.5 cm. The second panel in
Fig. 7 shows the resolution dy

5
as a function of the

detected electron energy. The results can be de-
scribed by a constant term (dy

5
"0.3 cm) and a

contribution due to multiple scattering which is
proportional to 1/E. The influence of the vertex
chamber on these results is negligible and has not
been corrected for.

In the coincidence experiment, the location of the
scattering vertex can be determined by the Recoil
detector. The direction of the recoiling nucleus can
be determined from other kinematical variables
through the following formula:

cos h
a
"

¹
a
(E

0
#m

a
)

E
0
J2m

a
¹

a
#¹2

a

. (10)

The angle h
a
is determined by the energy E

0
and the

energy ¹
a

determined by the Recoil detector. The
position of the vertex is determined by this angle
and the locus of the hit on the Recoil detector.
Using the same uncertainties in E

0
and ¹

a
as be-

fore, the error in the calculated position (z
a
) of the

scattering vertex is 1mm. Fig. 8 shows the distribu-
tion of the difference between the position cal-
culated using the BigBite data (z

-!"
) and z

a
. The
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Fig. 8. Distribution of z
-!"

!z
a
.

width of this distribution is p"6.4mm. The res-
olution of the BigBite spectrometer in the y

5
coordi-

nate is obtained by multiplying the width of this
distribution, corrected for the uncertainty in z

a
, by

sin h
BB

with the result p"3.2mm. This value is the
same as that obtained from Fig. 7b for E@"
600MeV.

4.3. Momentum determination

The resolution in the momentum measurement
of the spectrometer has been determined in the
coincidence experiment. The recoiling nucleus was
detected with the Recoil detector and the elastic
scattering process was used for which the missing
energy E

.
"E

0
!E

%{
!¹

a
is zero. The mo-

mentum of the scattered particle can be calculated
from this formula with the result in the case of an
electron,

p
%{
"(E

0
!¹

a
)/c. (11)

The width of the measured distribution of
p
%{
!p

5
is a measure of the resolution in the experi-

ment, which is dominated by that of the electron
spectrometer. Fig. 9a shows a result at an incident
energy of 615MeV. The width of this distribution is
p"4.74MeV/c. Fig. 9b shows the resolutions

Fig. 9. (a) Distribution of p
%{
!p

5
in the measurements of elastic

scattering off 4He. The energy of the incident electrons was
615MeV. (b) Resolution dp

5
/p

5
as a function of the energy of the

scattered electron.

dp
5
/p

5
at a few different energies. The mean value is

p"0.84%, with a standard deviation of 0.07%.

5. Summary

The BigBite spectrometer has been shown to
operate in electron scattering experiments at the
Internal Target Facility of the AmPS storage ring
at NIKHEF. It has been calibrated using a two-
step approach in which a first analytical approxi-
mation was followed by a second step where cor-
rections to the former were applied using a method
inspired on the matrix method. The angular resolu-
tion of the spectrometer was found to be 3mrad in
h
5
and /

5
at about 600MeV, using the full accept-

ance of the spectrometer. The resolution deterior-
ates slightly at lower energies due to multiple scat-
tering in the flight path and the wire chambers.
These values have been corrected for contributions
caused by multiple scattering in the target and
other materials in front of the entrance to the spec-
trometer which were present during the calibration
experiments. The position of the vertex can be
determined with a resolution of 3.2mm at
600MeV, again deteriorating somewhat towards
lower energies as a result of multiple scattering.
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Finally, the momentum resolution was found to be
0.84%. This latter result is slightly higher than the
design value of 0.5%, while the observed geometri-
cal resolutions (angles and vertex position) are bet-
ter than the design goals.
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