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Summa ry

A miniature detector probe has been developed for in-vivo detec-

tion of beta tracer activity. A lithium-drifted p-i-n detector shaped

as a cylinder 0. 9 mm in diameter and 3 mm long acts as the sens-

ing element. The detector is encased in a stainless steel tube 50 mm

long, fastened to a holder fitted with a miniature coaxial contact.

The free end of the tube has a syringe-like, entirely tight tip. The

steel tube has an outer diameter of 1. 4 mm except for 10 mm at

the free end where the outer diameter is 1. 1 mm corresponding to

a wall thickness of 0. 05 mm. The detector is placed in the 1. 1 mm

part of the tube.

The construction and the properties of the probe are described.

Printed and distributed in Oct. 1964.
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1. Introduction

The use of tracer amounts of radionuclides for biological

studies in living tissue often requires in-vivo detection of beta

tracer activity. The detector to be used must be harmless to

living tissue, small, rugged and of adequate sensitivity.

Needle probes of the Geiger-Muller type have met these re-

quirements with some success (1). They present, however, a

severe drawback: because of their small dimensions life-time

will be short. To avoid the difficulty, special electronics are

used which activate the probe for a preset time at preset time

intervals.

The introduction of semiconductor nuclear particle detectors

(2) and especially of the lithium-drifted detector (3, 4) opened

new possibilities in the field. These solid-state detectors have a

higher sensitivity per unit volume to ionizing radiation than Geiger -

-Muller tubes, ionization chambers or proportional counters, and

they can be made in a large variety of shapes and sizes. They can

be operated at low voltages and have a practically unlimited life-

-time.

The ability of semiconductor detectors as gamma and beta ray

dosimeters for clinical use has been investigated by several authors

(5, 6, 7, 8) and some experimental types have been described (8).

A coaxial surface barrier detector for the measurement of high

energy betas in body cavities is offered commercially (9). It is en-

capsulated in a stainless steel case 3 mm in diameter and 25 mm

long.

In our case the detector was intended to monitor weak beta acti-

vity in the organs of small animals (rabbits and rats). This puts

stringent requirements on the smallness of the detector and requires

a very thin detector casing if acceptable sensitivity is to be achieved.
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A reasonable sturdiness of the probe must however be conserved.

The casing must be harmless to living tissue.

In this article a probe fulfilling the requirements is

described.

2. Probe construction

Fig. 1 gives a schematic view of the probe and fig. 2 a cross

section of the probe end containing the detector. The sensing ele-

ment is a lithium -drifted n-i-p silicon detector, shaped as a cy-

linder 1 mm in diameter and 3 mm long. The detectors are made

as follows. A 3 mm thick slice of p-type silicon (10) with a nomi-

nal resistivity of 100 ohmcm is used as the starting material.

Lithium suspended in oil (11) is painted on one side of the slice.

The slice is placed in a graphite boat which in turn is inserted in

a quartz tube. The graphite boat is fitted with a thermocouple for

temperature monitoring. The quartz tube is inserted in a cylindri-

cal oven and slowly heated to 450 C while continuously flushed

with argon. During the heating the oil is burnt away and the lithi-

um starts diffusing into the silicon. The silicon slice is kept at

450 C for 2 minutes, then it is slowly cooled (2 C/min). Lithi-

um behaving as a donor we now have an n-p junction at one end of

the slice, about 25 urn under the surface (12). After the diffusion

process the slice is cleaned by ultrasonic washing in water and

alcohol.

Cylinders 1 mm in diameter are now fabricated out of the

slice by ultrasonic drilling. Nickel contacts are made on the two

plane faces of the cylinder by means of electroless nickel plating

(13). The nickel contacts are masked with apiezon wax dissolved

in trichloroethylene and the crystal is then etched in CP4 etchant

(4) free from bromine. A gold wire (14) in teflon tubing is soldered

to the lithium-diffused end, a single unisolated copper wire 0. 2 mm
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in 0 to the other. The leakage current of the p-n junction diode so

obtained is tested; at this stage it should not exceed some yA at

100 V.

The lithium is now drifted through the silicon in the way de-

scribed by Pell and others (3, 4). The detector is immersed in a

silicon oil bath held at 150 °C. A bias of 150 V is applied to the

detector. In order to avoid thermal runaway the power dissipated

in the detector is limited by a stabilized power supply (15) which

automatically reduces the voltage if the current through the detec-

tor should become too large. The maximum power was in our

case set to 3 W.

Lithium drifting proceeds until the whole cylinder has been

compensated. Under the power and temperature conditions given,

this will correspond to a drifting time of approximately 80 hours

(16). The heat source is then switched off and the silicon oil is

allowed slowly to cool to room temperature, the detector being

under bias and in the oil all the time. This last step is necessary

in order to obtain a good lithium compensation (17).

The detector is washed in alcohol and its leakage current is

measured. It should not exceed 1 jxA when measuring at room tem-

perature and 50 V bias. In some cases a CP4 etchant as described

above may be necessary to reduce the leakage current to this level.

The detector now presents a compensated zone extending practi-

cally through the whole cylinder. When the detector is biased, all

of the compensated layer will become sensitive (2).

The detector casing consists of a 50 mm long stainless steel

tube with 0. 2 mm thick walls and 1. 4 mm outer diameter. 10 mm

at one end are turned down to an outer diameter of 1. 1 mm, leaving

a tube with walls 0. 05 mm thick. This work must be done in a high

precision lathe. The outer end of the thin-walled tube is cut to an
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oblique, syringe-like tip. A small spot of tin solder is brazed

to the casing wall inside the tip.

A piece of mylar film 0. 9 mg/cm thick (18) is wrapped around

the detector. The free end of the gold wire earlier connected to the

lithium-diffused side of the detector is inserted into the thin-walled

end of the tube and threaded through the entire tube. By carefully

pulling at the free end of the gold wire the detector with mylar

wrapping may be moved into the thin-walled part of the casing. The

outer end of the detector must be ca. 4 mm from the casing tip.

With a stop-screw, the thick-walled end of the tube is fastened

in a brass holder (fig. 1) furnished with a miniature coaxial con-

tact (19). The gold wire soldered to the inner end of the detector

is connected to the coaxial contact by means of a short wire acting

as expander. At the outer end of the detector the copper wire is

cut to an adequate length and soldered to the tin spot previously

prepared inside the probe tip.

The end of the thin-walled part of the tube is now filled with a

droplet of Nr 1 Hivac epoxy (20). If correctly made (blend thorough-

ly 100 parts resin to 9. 25 parts hardener, cure at 55 C for 5

hours) this resin will be harmless to living tissue approximately

neutral in pH-value (21). After curing, the epoxy menisk formed

on the oblique surface of the syringe tip is filed off. The tightness

of the detector is tested by dipping the tube end in water for 24 hours

while monitoring the detector noise in the way described below.

The probe is now ready for use. Positive bias is applied to

the inner detector contact while the outer contact, i. e. the steel

tube, is grounded.

The signal from the detector must be amplified before it can

be recorded by a sealer or a multi-channel analyzer. Fig. 3 shows

the electronic setup used in our experiments. Because of the in-
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herently low noise of the detector a low-noise preamplifier must

be used (e. g. 15 keV noise for a 50 pF load). The preamplifier

should be of the charge-sensitive type.

3. Probe properties

Most of the probes fabricated exhibited very low leakage charac-

teristics (fig. 4) and excellent noise properties. The leakage current,

being mainly due to charge carriers thermally generated in the dep-

letion layer of the detector, will increase exponentially with tempe-

rature. In vivo a temperature of 38-40 C will be met. Detector

properties are therefore mainly quoted at 40 C.

Using a charge-sensitive low-noise preamplifier (22) and a

delay-line main amplifier with 1. 25 ^sec time constant the detec-

tors have been found to give 20 - 60 keV noise at 25 V, the electro-

nic noise being ca. 10 keV. Definitions of noise figures used and

discussions of the influence of time constants and amplifier types

may be found elsewhere (23, 24). Fig. 5 shows the number of noise

pulses as a function of energy, with temperature as parameter.

The noise performance of the system will to a large extent be

determined by the capacitance of the preamplifier load. The capaci-

tance of the detector itself being negligible the cable capacitance,

i. e. the cable length, will influence the noise level. The shortest

possible cable length of a low-capacitive cable should therefore be

used (25). Fig. 6 shows the system noise as a function of cable

length.

The detector bias will also to a certain extent influence the

noise performance of the detector. With increasing bias the leakage

current and thus the leakage noise will increase (fig. 7). Further-

more the risk will increase for short-time break-throughs, fatal

when making long-time measurements. If, on the other hand, the
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bias is too low, the field strength in the depletion layer will be

low, increasing the chances of incomplete charge collection.

10 - 25 V bias seems to be an adequate compromise.

The beta particles to be measured by the probe must pass

the stainless steel casing before they reach the detector - the

mylar can be neglected in comparison with the steel. The energy

loss experienced by electrons passing through 0. 05 mm steel is

of the order of 70 keV for 200 keV betas (26), making it difficult

to detect electrons having an energy less than 150 keV.

Fig. 8 shows the spectrum obtained when the probe was
32

immersed in a solution containing 50 jic/ml P . The correspond-

ing sensitivity amounted to 1100 cpm/uc/ml P . When the probe

was immersed in a gel containing 0. 06^<c/ml Hg the spectrum

shown in fig. 9 resulted and the sensitivity amounted to 100 cpm/

/juc/ml Hg . In both cases the probe could easily be deconta-

minated, using a decontamination detergent after the P test and

ordinary soap and water after the Hg test.

The high-energy tail of the background spectrum in fig. 9 is

caused by disturbance from environmental electronics. Clearly

the electronic noise level in the place where the measurements

are done will determine the minimum activity detectable. Careful

shielding of the measureing system is therefore necessary. This

was achieved by grounding the detector case and using a coaxial

cable with grounded shield between the detector and the preampli-

fier. Mechanical shocks cause electrical transients but these low

frequency signals are eliminated by the amplifier.

Due to the small volume of the counter and the low atomic num-

ber of silicon the gamma sensitivity of the probe will normally be

low. If, however, a weak beta activity is measured in the presence

of a strong gamma background a significant part of the pulses de-

tected may be gamma pulses. This is particularly true if the
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electrons to be detected are low-energetic. When the probe is used fc

to monitor a tracer radio-active in the -way described (e. g. Hg )

the spacial resolution of the probe may be heavily reduced, gammas

from a large volume being able to contribute to the pulse rate. In

all cases where spacial resolution is important the existence and

influence of gamma activity must be carefully investigated. Table 1

shows the ratios between gamma activity and total activity obtained
J , ^.207 ^137 , __ 203

when measuring on disc-shaped sources of Bi , Cs and Hg

placed close to and parallel with the probe. Aluminum of adequate

thickness was used to eliminate beta radiation, all other conditions

being identical.

Preliminary experiments have demonstrated the ability of the

probe to monitor Hg activity in the brains of mice.

4. Further developments

A modification of the probe described is at present being in-

vestigated in this laboratory. It consists of a detector encased in

a stainless steel tube 5 mm long and of 1 mm outer diameter. It

can be operated into an organ and left there for long times. A

silicon coated cable harmless to living tissue (27) connects the

detector to a contact placed outside.
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Table 1.

Ratios between gamma activity and total activity for Bi , Cs and Hg

Isotope Beta energies Gamma energies Theoretical ratio of gamma Measured ratio of gamma
and total activity and total activity

(keV) (keV) ca. ca.

0.93 0.14Bizu(

C s " 7

Hg203

482 (IT)
554 (IT)
976 (IT)
1048 (IT)

520 (|1-)
624 (IT)
655 (IT)

193 (IT)
208 ((i~)
263 (IT)

570
890
1064
1430
1771

662

278

0.42 0.04

0.40 0.23
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Fig. 1. Schematic view of needle probe, scale 2:1.
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Fig. 2. Mounting of the detector in the needle tip. Some details

have been exaggerated for greater clarity.
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Fig. 3. Electronic setup.
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Fig. 4. Leakage current vs. voltage characteristic of a typical

detector with temperature as parameter.
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Fig. 5. Noise spectrum of typical detector with temperature as F i g -

parameter. Bias 12 V, measuring time 10 minutes, cable

length between probe and preamplifier 25 cm RG-174/U.

Noise spectrum of typical detector with length of cable

between probe and preamplifier as a parameter. Bias

12 V, temperature 40 °C, measuring time 10 minutes,

cable used RG-174/U.
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Fig. 7. Noise spectrum of a typical detector with bias

as parameter. Temperature 40 C, measuring

time 10 minutes, cable length between probe

and preamplifier 25 cm RG-174/U.
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Fig. 8. Spectrum obtained when the probe was immersed
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in a silution containing 55 uc/ml P . Bias 12 V,

temperature 40 C, measuring time 10 minutes,

cable length between probe and preamplifier

25 cm RG-174/U.
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Fig. 9. Spectrum obtained when the probe was immersed in a gel

containing 0. 06 uc/ml Hg . Bias 12 V, temperature

40 C, measuring time 960 minutes, cable length between

probe and preamplifier 25 cm RG-174/U.




