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A time-zero detector has been developed for use in reaction product 

mass identification which has as its novel feature a 1800 isochronous 

transport of secon~ary electrons in a magnetic field. The secondary elec-

trons produced when. particle's pass through a thin carbon foil are accel-

erated to approximately two keV by a parallel-wire harp of 99% transmission. 

The accelerated electrons are then transported 1800 in a uniform magnetic 

field of 80 gauss containing a collimator placed at the 90 0 position. A 

background suppression grid is placed just in front of the electron de-

tector which is comprised of two microchannel plates in series acting as 

an electron multiplier. The device allows placement of the thin foil per-

pendicular to the fragment flight path and permits shielding of the elec-

tron detector from the beam and reaction products while using only modest 

accelerating voltages. The time-of-flight resolutions measured between 

this timing detector and a 120 ~m silicon detector when using 104 MeV 

160 ions and 8.78 MeV alpha particles were 90 and 150 psec, respectively 

(full widths at half maxima). 

*This work was done with support from the U.S. Energy Research and 
Development Administration. 

i-Present temporary address: Department of Laboratory Medicine, University 
Hospital, University of Washington, Seattle, Wash. 98195. 
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Secondary electron emission from thin foils has long been.used as a 

timing device in time-of-flight mass identification of nuclear fragments. 

It is especially useful ·for the time-zero signal because the thin foil 

causes a minimal degradation of the velocity of the fragments. In pre-

vious work the foil was mounted at 45° to the path of the fragments with 

the electrons collectedperpendicuiar to the face of the foil, or alter-

natively, the foil was mounted perpendicular to the path of the fragments 

and the electrons were collected on a detector off to the side, out of 

the path of the fragments. With modern fast electronics and electron 

detector systems capable of time resolutions of the order of 100 psec, 

neither method is satisfactory. Because of the short flight paths now 

1-9 used the first method, with the foil at 45°, leads to a significant 

dispersion in fragment flight distances. Placing the stop detector also 

at 45 0 is of little help for large solid angle systems where the frag-

10 ments are diverging from a target. In the second method, with the foil 

perpendicular to the flight path, electron transport is achieved using 

11-13 
either electrostatic lenses, 1 . 1,7 . d or e ectrostat~c or magnet~c e-

f 
. 4 

lect~on. The dispersion in electron collection times is usually signi-

ficant but has sometimes been minimized by the use of large electron 

collection vOltages2 ,4,6,7,12 of 12 to 24 kV. These voltages were often 

also needed because of the electron detectors employed. 

Ideally an isochronous transport system for the secondary electrons 

is required which allows the foil to remain perpendicular to the fragment 

path and the detector to be placed in a location shielded from the beam. 

Our solution to the problem is a 180 0 bend in a homogeneous magnetic 

field as shown in Fig. 1. It is well known from the principle of the 
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cyclotron that such a bend is isochronous both with respect to P9sition 

and energy. There is also a one-to-one focus with respect to position 

and initial angle. However, the flight time depends on the initial angle 

in the plane of the bend as seen in Fig. 1. The secondary electrons are 

emitted with a large angular spread but with energies of the order of 

only a few electron volts. We accelerate them to two keV, thereby 

greatly reducing their angular dispersion. The acceleration is accom

plished with a high transmission wire harp oriented so that the indivi

dual wires are parallel to the plane of the 180 0 bend. Thus the non

uniform electric field due to the spacing of the wires does not introduce 

angular dispersion in the plane of the bend, thereby preserving the time 

resolution. In the lateral direction the nonuniform accelerating field 

spreads the image somewhat, but to first order does not introduce any 

time dispersion. Finally, any residual angular dispersion in the plane 

of the bend is reduced by the use of a collimator located at the 90 0 

position of the bend. Such quarter-turn collimators have also been used 

in cyclotrons. As seen in Fig. 1, at the position of such a collimator, 

the normal trajectories which have equal path length, cross over, while 

any remaining off-angle rays hit the collimator. 

In the first model constructed of this device a small satellite 

peak appeared in the time spectrum a few nsec later than the main peak. 

This problem was traced to the secondary electrons hitting the insensi

tive contact surface of the microchannel plate where they produced 

tertiary electrons which then executed a small 180 0 loop hitting the 

channel plate again, and thus produced a delayed signal. This problem 

was solved and the background of the device was further reduced by 
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placing a suppression grid in front of the channel plate. 

In summary we have produced an isochronous secondary-electron 

transport system which allows the foil to be perpendicular to the path 

of the fragments and the detector to. be shielded. In other devices8 ,9 

in which the detector views the foil directl~ x-rays may cause the de-

tector signal to rise too soon. Also, our device preserves the position 

information by producing a one-to-one image of the foil. Although it 

is not further discussed in this article it should be possible to obtain 

position information by replacing the anode with a position sensitive 

detector, while obtaining time information of somewhat reduced quality 

from the back surface of the channel plate. 

Handy Equations 

For the design of such a device it is useful to have at hand some 

simple equations describing the non-relativistic behavior of electrons 

in electric and magnetic fields. In presenting these equations we will 

use the units: cm, volt, gauss, nsec, and radians. 

The time of flight (t) over a distance (d) in a field-free region 

after acceleration by a voltage (V) is 

t 16.8 d/IV (1) 

The time of flight when starting from rest in a uniform electric field 

(V/d) is 

t = 33.7 d/IV (2 ) 

The radius of curvature (p) in a uniform magnetic field (H) is 

p = 3.38 IV/H (3 ) 
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and the time of flight for a 180 0 .bend is 

t = 179/H (4) 

The trajectory equations for electrons starting from rest in crossed 

electric and magnetic fields will also be needed. It is assumed that 

the electric field (E) is in the negative x direction and the magnetic 

field in the z direction. Then, 

x (Ec /WlI) (l-cos wt) (Sa) 

y (Ec /WH) (wt-sin wt) (Sb) 

-2 where the cyclotron frequency, W = 1.76 x 10 Hand Ec =V/IOd (in stat-

volts/nsec). The ~ngle (8) between the trajectory and the x direction is 

a = wt/2 (6) 

When an electron enters a uniform magnetic field region containing no 

electric field at an angle a to the x direction, the maximum x value obtained 

is 

x 
max 

p(l - sin a), 

and the time of flight needed to return to the plane of entry is 

t = (179/H) (1-2 a/rr) 

It follows that 

I~t/~al = 114/H._ 

(7 ) 

(8 ) 

(9) 
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The smallest channel plate available had a diameter of 2.5 cm with 

an active area diameter of 1.8 cm. In order to keep the device compact 

the radius of curvature was chosen to be 2 cm, thus separating the centers 

of the foil and channel plate by 4 em. The magnet gap was made just big 

enough to hold the channel plates, their mounting flange, and the high 

voltage insulators. The pole tips were then made big enough to give a 

homogeneous field in the region containing the electron trajectories, 

allowing one-half the gap size on the sides. A desire to use a modest. 

acceleration voltage of about two kV then determined the desired mag

netic field. These and other design parameters ar.e given in Table 1. 

A scale drawing of the mechanical arrangement is shown in Fig. 2. 

An electrical schematic is shown in Fig. 3. The anode is at ground 

potential. Two negative high voltage supplies are needed, one for the 

channel plates and one to provide the acceleration voltage. As will be 

shown in the next section, the suppression grid can have a wide range 

of voltages more positive than the front face of the first channel plate, 

and therefore was tied to the back of this channel plate. The suppres

sion grid and acceleration harp are part of the Faraday cage forming 

an electrostatic field-free region for most of the electron transport. 

The high voltage supply for the carbon foil is more negative than the 

acceleration harp and is adjusted for maximum transport efficiency as 

described below. With the divider chain network shown, the Faraday 

cage voltage is 61% of the channel plate voltage supply. Therefore 

the acceleration voltage between the carbon foil and harp is equal to 

the foil voltage minus 61% of the channel plate voltage. 
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The design of the quarter-turn collimator which is summarized in 

Table I required some care. Because the acceleration region has 

crossed electric and magnetic fields the electrons have already begun 

to bend when they enter the Faraday cage. Therefore the center of the 

collimator was placed at a position equal to slightly less than the 

radius of curvature. The radial size of the opening in the collimator 

was chosen to determine the angular acceptance and therefore the time 

spread acceptance. 

Performance 

All performance tests made with the time-zero detector were carried 

out utilizing the electronic configuration shown in Fig. 4. The rise 

time from the channel plate anode was about 0.5 nsec. The fast ampli

fier had a rise time of about 0.8 nsec and the constant fraction discrim

inator had the clipping time adjusted to minimize electronic "walk" with 

pulse height. The channel plate pulse height was recorded using a 

20 nsec-wide linear gate followed by a stretcher. 

In order to determine the optimum operating voltage of the electron 

transport device, measurements were made of the efficiency as a function 

of acceleration voltage. Figure 5 shows these efficiency curves meas

ured with and without the quarter-turn collimator. It can be seen that 

the presence of the quarter-turn collimator considerably decreased the 

width of the curve, but reduced the efficiency at the operating voltage 

by only 10%. The decrease in width is because the collimator selects 

electron energies after acceleration as well as angles. 

In the initial construction of this detector small satellite peaks 

occurred 2 to 3 nsec (and multiples of this time) later than the main 
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peak when performing time-of-flight measurements of monoenergetic par

ticles. Tests showed that the satellite peaks came from tertiary elec

trons which were produced when the accelerated secondary electrons from 

the carbon foil collided with the inactive contact surface of the channel 

plate. These low-energy tertiary electrons then executed small semi

c,ircular orbits, because of the magnetic field, into active multiplying 

channels of the channel plate. The channel-plate pulse height spectrum 

associated with the satellite peak fell off more steeply with pulse 

height than did the main peak. Raising the discriminator would reduce 

the effect but at the expense of efficiency. Instead, to eliminate 

the satellite peaks a suppression grid was placed in front of the channel 

plate to accelerate any tertiary electrons away from the channel plate 

and into the surrounding walls. Measurements were made as a function 

of suppression voltage to determine the voltage needed to completely 

eliminate the satellite peaks. These are shown in Fig. 6. The peaks 

became sharper with increasing voltage because of the decreased angular 

spread. The shifts in time are more complicated to understand. With 

zero suppression voltage the peak was at about the normal transport 

time, which is independent of electron energy, of 2.2 nseC listed in 

Table I. With 10 volts the trajectories do not penetrate the suppres

sion grid so that the electrons spend all their time in the crossed

field region where the transport times are quite long as calculated 

by equation Sa. At the higher voltages the electrons penetrate the 

grid and both equations Sa and 8 must be used to calculate the total 

transport times. At 40 and 110 volts the times are 2.8 and 2.6 nsec 

respectively, which are not far from the peaks in Fig. 6. It was 
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found that a suppressi9n voltage greater than 210 volts was required to 

completely eliminate the satellite peaks as shown in Fig. 7. The de

crease.in efficiency shown in Fig. 7 was-mostly accounted for by the 

disappearance of the satellite peaks. Since the only small additional 

decrease occurred between 250 and 1000 volts, it was decided, for con

venience, to use 900 volts. This voltage was available in the voltage 

divider chain. As a result of this decision the carbon foil voltage 

was lowered by this amount and the channel plate became shielded from 

background electrons by this voltage. Also the electrons impinging 

on the channel plate have slightly higher efficiency at this lower 

voltage. 

Studies were made using 8.78 MeV alpha particles to optimize cer

tain design parameters. The parameters studied were: 1) the strength 

of the magnetic field, 2) the use of the quarter-turn collimator, and 

3) the use of the parallel-wire acceleration harp instead of a square 

mesh grid. The different configurations tested and the time resolution 

determined for each are given in Table 2. It can be seen that the use 

of the higher magnetic field, and either the quarter-turn collimator, 

or the acceleration harp were necessary to optimize the timing resolu

tion of the detector. Both may be necessary when the resolution is 

improved further. 

The performance of this time-zero detector was tested with heavy 

ions at the 88" cyclotron. Time-of-flight measurements were made using 

a 120~m Si stop detector. The bias voltage of the fully depleted Si 

detector was chosen to give a minimum field of 2 volts/~m in the silicon. 
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The channel plate pulse-height spectra obtained for 104 MeV 160 ions and 

8.78 MeV alpha particles are shown in Fig. 8. The differences in the 

shapes and the peak positiGns for the two reflect the difference in the 

average number of secondary electrons produced in the carbon foil. The 

resul ts o.~ the resolution tests are tabulated in Table 3, and time spectra 

are shown in Figs. 9(a) and 9(b). The differences in detection effi

ciencies for 4He and 160 ions are due to the higher yield of secondary 

electrons produced by the 160 ions. 

In conjunction with the development of the present device we also 

tested a time-zero detector8 ,9 which placed the foil at 45° with no 

magnetic transport. The results for 60 MeV 160 with a 127 ~m E detector 

(biased to give a minimum field of 2 volts/~m) are shown in Table 4. 

Since our early work
14 

with a silicon ~E detector in a ~E-E-TOF 
, 15-17 

system, techniques have steadily ~mproved. Our present results 

f 60 16, "d t 1 't' f 19 hE or MeV 0 ~ons ~nc~ ent on a e escope cons~s ~ng 0 a ~m u 

(biased to give a minimum field of 2.5 volts/~m) and a 127 ~m E 

(2 volts/~m) are also shown in Fig. 9(c) and Table 4. From Table 4 

it can be seen that the performance of the present time-zero detector 

is comparable with other fast timing devices. It should be pointed 

out that the present device has the advantages of: 1) minimum energy 

degradation of detected particle, 2) use over a very large range of 

masses and energies, 3) compactness and 4) optimum detector shielding 

from stray radiation. 
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Suggested Improvements 

The conical anode was shaped to have an impedance of 50 ohms and 

therefore reduce electrical reflections. If ringing is not going to 

be a prpblem, then the anode could be simply a flat plate. This would 

make more efficient use of the active area of the channel plate and 

allow a still more compact design, since the magnet could be made 

smaller. However, care must be taken that the variation in signal 

transport time across the plate does not contribute significantly to 

the time spread. 

The rectangular slit in the quarter-turn collimator should actually 

be shaped like the arc of a circle. The length of the arc should be 

designed so that this second order effect is no larger than the first 

order effect due to the radial height of the slit. 

If background is a problem, the shielding of the channel plate 

detector could be considerably improved. Essentially one could enclose 

it in a small box with pump-out baffles so that the only direct access 

is the slit of the quarter-turn collimator through which the electrons 

enter. At present the channel plates are sensitive to a nearby ioniza

tion gauge. Better shielding would also cure this problem. 

Construction Details 

The magnet was constructed of two pieces of 3/16 inch cold rolled 

steel joined at the top and bottom (by means of epoxy) with three 

Alnico V steel magnet bars. The Alnico V bars were purchased slightly 

longer than desired and were ground to the dimensions required. The 

80 gauss magnetic field was formed by placing the magnet in the field 

/ 
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of a large dipole electronmagnet. The magnet was first saturated by 

raising the field to several hundred gauss, and then the field was 

reversed until, by trial and error the desired field and field uni

formi ty were obtained .. The· inside· walls of the magnet were electri"" 

cally insulated from the mounting block by epoxying thin sheets of 

Nema G-IO epoxy glass to the four surfaces. 

The mounting block was made out of two 1/2 inch thick pieces of 

Nema G-IO epoxied together because one piece large enough was not 

available. A thin piece of Nema G-IO with one copper-clad surface 

(standard printed circuit board material) was epoxied onto one surface 

of the block to serve as one side of the Faraday cage. Two large 

holes were bored in the block to accommodate the carbon foil/accelera

tion harp and the channel plate/suppression grid assemblies. 

The carbon foil/acceleration harp assembly was constructed of a 

copper ring, an aluminum foil holder, a Teflon insulator, and a copper 

mounting flange for the stainless steel harp. Commercially available 

carbon foils (10-20 ~g/cm2) were floated and picked up on the aluminum 

holders and then laminated with a few ~g/cm2 of Formvar for added 

rigidity. The copper ring, foil holder and insulator were sandwiched 

together and set into the mounting block. The asseIDbly was held in 

place by the harp mounting flange which was screwed to the copper

clad surface of the mounting block. High voltage was supplied to the 

carbon foil by a lead to the copper ring brought through a small 

diameter hole drilled into the mounting block. The acceleration harp 

was constructed by attaching 0.001 inch stainless steel wires at one 

mm spacing to the copper flange by means of electrically-conducting 

epoxy. 
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The quarter-turn collimator was constructed of aluminum and attached 

to the copper-clad surface of the mounting block with screws. 

The channel plate/suppression grid assembly consisted of a brass 

anode cone, two Varian 8900 series microchannel plates in a Chevronar

rangement, and a copper E1ectromesh suppression grid (96% transmission) 

which was attached to a copper mounting flange by means of electrically 

conducting epoxy. The surface of the anode was coated with carbon- black 

to suppress secondary electron emission. Voltages from the divider chain 

were applied to the front and rear surfaces of each channel plate and to 

the suppression grid by means of 0.0005 inch copper foils which were 

cut so that they only made contact with the conducting surface of the 

channel plates and the suppression grid mounting flange. The copper 

foils for the back of the first channel plate and the front of the sec

ond plate were electrically insulated from each other by means of a 

0.002 inch thick Mylar film. The suppression grid and the front of the 

first channel plate were electrically insulated by a 1/16 inch thick 

Nema G-IO spacer. The anode was set in a conically shaped shield with 

a flange whose inner diameter was slightly smaller than the diameter of 

the channel plates. The channel plate package was held together by 

carefully sandwiching it between the suppression grid mounting flange 

and the flange of the anode shield. The two flanges were held together 

with four Nylon screws. The suppression grid mounting flange was then 

screwed to the copper-clad surface of the mounting block. 

Five sides of the Faraday cage (the sixth side being the copper

clad surface of the mounting block) were constructed of copper wire 

cloth (normal household screen material). A circular hole was cut out 
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of the mesh on line with the carbon foil to leave the fragment flight 

path unobstructed. The acceleration harp, the suppression grid, and 

Faraday cage are all at the same electrical potential. 

The voltage divider chain was made up of four temperature-insensi-

tive 1/8 watt metal film resistors cemented with heat-conducting epoxy 

into a brass tube which was put in thermal contact with the scattering 

chamber. To minimize problems from electrical breakdown, a one megohm 

current-limiting resistor was placed in series between the voltage 

divider chain and its high voltage power supply. 
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Table 1. Design Parameters 

Magnet 

radius of curvature p 

field H 

pole tips 

gap 

Acceleration Voltage V (Eq. 3) 

Approx. time of flight 

Acceleration Region 

carbon foil diameter 

foil-harp separation 

time of acceleration 

exit angle 

Quarter-turn Collimator 

width 

t 

position X (Eq. 7) max 
radia,l height !::.X 

(Eq. 4) 

d 

t (Eqs. 

e (Eq. 

Sa 

6) 

angular acceptance !::.e. (Eq. 7) 

or 2) 

time spread acceptance !::.t (Eq. 9) 

Electrostatic Field-free Region 

time of flight t (Eq. 8) 

Deceleration Region 

grid-channel plate separation d 

voltage V 

approx. time t (Eq. 1) 

Channel Plate Region 

diameter 

thickness of both plates 
voltage across each plate 
approx. time 

Anode Region 
Diameter 
channel plate - anode separation d 
voltage 
time t (Eqs. Sa or 2) 

2.0 

80 

6 x 

4.0 

2240 

2.2 

1.3 

0.28 

0.20 

0.14 

1.27 

1.72 

0.20 

0.10 

0.14 

2.04 

0.16 

900 

0.06 

1.8 

0.14 
900 

<2 

1.0 
0.1 
340 
0.18 

10 

cm 

gauss 

cm 

cm 

volts 

nsec 

cm 

cm 

nsec 

radians 

cm 

em 

cm 

radians 

nsec 

nsec 

cm 

volts 

nsec 

cm 

cm 
volts 
nsec 

em 
cm 

volts 
nsec 



H(gauss) 

80 

80 

80 

80 

1 
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,Table 2 

Time resolutions and efficiencies for alpha particles 
with different configurations 

1/4 Turn 
Collimator 

Yes 

Yes 

No 

No 

No 

No 

Acceleration 
Grid 

Harp 

Grid 

Harp 

Grid 

Grid 

Grid 

FWHM(psec) 

Uncorr. CQrr.
a 

Pulser 

160 155 95 

163 157 83 

175 169 114 

189 183 110 

250 240 100 

490 485 100 

a) 
Corrected for energy spread as measured by the Si E detector. 

% Eff. 

56 

56 

58 

58 

73 

75 

b)Measured with an earlier model of the device which had a 3 cm radius of 

curvature. 
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Table 3 

Time resolutions,a (FWHM) in psec and efficiencies 

Particle 

104 MeV 160 

8.78 Mev.4He 

for the 'final device 

Uncorr. 

90 

160 

b Corr. 

90 

155 

Pulser 

30 

95 

% Eff. 

95 

56 

It was determined that the channel plate discriminator had an electronic 

"walk" of 50 psec over the amplitude range used in these measurements. 

NG attempt was made to correct the data for this walk. 

b) . 
Corrected for energy spread as measured by the Si E detector. 
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Table 4 

Time resolutions (FWHM) in psec for different devices 

... 
Device Particle Particle Pulser 

CP - Ea 104-MeV 16
0 90d 30 

450 CP_Eb 60-MeV 
160 70 50 

LIE _ EC 60-MeV 
16

0 70 50 

a) d' Present eVl.ce. 

b)45° foil and no magnet. 

c) 19 j.lm LIE 

d) Uncorrected for 50 psec walk in the channel plate discriminator. 
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Figure Captions 

Fig. 1. The concept of the secondary electron transport system. The 

devic~ is placed in a homogeneous magnetic field oriented per

pendicular to the plane shown. The three trajectories drawn as 

solid curves all have the same path length. The off-angle trajectory, 

shown as "the aashed curve, is-seo~~Qd by the quarter-turn 

collimator. 

Fig. 2. Two views of the mechanical arrangement. The magnet and the 

block holding the internal parts slide apart. 

Fig. 3. A schematic of the electrical arrangement. Two high voltage 

supplies are used. The acceleration voltage is equal to the 

foil voltage minus 61% of the channel plate voltage. 

Fig. 4. A block diagram of the electronics. PA pre-amp with both fast 

and slow outputs. LA = linear amplifier. FA = fast amplifier. 

CFD = constant fraction discriminator. LGS = fast linear gate 

and stretcher (EGG #LG105). SCA 

time-to-amplitude converter. LG 

single channel analyzer. TAC 

linear gate. 

Fig. 5. Efficiency of obtaining a time-zero signal for alpha particles 

recorded in the stopping detector as a function of acceleration 

voltage. a) without the quarter-turn collimator. b) with the 

quarter-turn collimator. 

Fig. 6. Time spectra for monoenergetic alpha particles as a function 

of the suppression voltage. The satellite peaks become sharper and 

then disappear with increasing suppression voltage. 

Fig. 7. Efficiency of detecting a time-zero signal and the area of the 

satellite peaks as a function of suppression voltage. 
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Fig. 8. Pulse height spectra from the channel plates obtained under 

approximately the same gain conditions with alpha particles and 
r • 

oxygen ions. 

Fig. 9. Time spectra showing full widths at half maxima. a) and b) 

were obtained with the time-zero device for 8.78 MeV alpha particles 

and 104 MeV oxygen ions, .respectively. c) was obtained for 60 MeV 

oxygen ions using a ~-E telescope with a 19 ~m thick ~E detector. 
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