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ABSTRACT. 

We consider the possibility of using a solid-state radiation detector 

as a target in order that the recoil energy of the struck nucleus, as well 

as any charged nuclear fragments, may be measured. In this way, one 

can discriminate against those interactions leading to breakup of the nu-

· cleus (noncoherent) and can also ri'leasure the momentum transfer to the 

nucleus with considerably better precision than might otherwise be possible. 

As a first test of such a detector, we have observed the distribution in en-
1 

ergy deposited in a 1-mm-thick lithium-drifted silicon detector when 730-

MeV protons are scattered at small angles by nuclei in the detector. When 

the protons traverse the silicon without interacting, the characteristic 

Landau energy-loss distribution is observed. When the protons scatter at 

small angles, their energies and path lengths in the silicon are practically 

unchanged. The recoil silicon nucleus, however, deposits most of its ki-

netic energy, T Si" This energy is added to that from the proton, so the 

-·~ 
··Work sponsored by the U. S. Atomic Energy Commission under contracts 

W-7405-eng-48 and AT-(11-1)-gen 10, Program Agreement 10. 
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observed en~rgy distri;bution in the silicon detector is 's{lifted upwa:r,ds by 

T Si when the proton scatters. We have observed this ,s~cond peak at pro-. 
~· ! ~- . 

ton scattering angles of 4~3, 5. 4; and 6.3 deg in the lapo,ratory system and 

confirm the predicted energy shift .. The. potential applications of this tech-

nique are discus sed. 

,·.;· 

,,; ·.,. 
,ji •. 

:.·. 

i_·. . . 

...... 

.. ~ . 

··.-·.' 

~ . : 

''I 

• .... ··. 

.•, 
. ... · 

' '.' 

·'."•·' ···: 

;~··· 

. ~ ·, 

. ~ ·. 

''· 



• 

-1- Q'CRL-16603 
'~-·~-
~/~ .. 

1. Introduction 

This communication describes a new experiment'?) technique that 
···: \ 

we believe will be of considerable value in elementary-particle physics 

research. The device employed is a solid-state particle detector. Such 

devices have been known to physicists for many years and have been used 

extensively in low-energy nuc.lear physics. Their application in high-

energy physics has been quite limited, largely because most efforts have 

been directed toward using them in the same fashion as plastic scintillators, 

without taking advantage of their unique properties. .Our technique employs 

the device as a target as well as a detector~ This means the target par­

ticle is a nucleus- -Si 
28 

for example- -rather than a proton, which up to 

now has been the most popular target for elementary-particle experiments. 

This popularity stems from the relative simplicity of the proton. However, 

S . 28 . . l d h . d . . h . . 1 1s an even-even nuc eus an as zero sp1n an 1sospJ,n, so t at 1t 1s an 

even simpler target, provided it retains its identity after the interaction. 

As has been pointed out by Good and Walker 
1

) and further discussed by 

A. Goldhaber and M. Goldhaber
2

), such interactions may occur when the. 

momentum transfer to the target nucleus is sufficiently small that the inter-

action takes place coherently over the whole nucleus. The essential point 

of our technique is that we can measure the momentum transferred to the 

target nucleus, and therefore can separate coherent interactions from those 

leading to nuclear breakup. 

As a feasibility test of this technique, we have observed at the Berke-

ley 184-Inch Cyclotron the nuclear recoils from coherent (elastic) scatter-

ing of 730-MeV protons by silicon nuclei at values of momentum transfer 

to the nucleus of 105, 132, and 152-MeV /c (which correspond to scattering · .. ' 
' .. 

. . ' .. 
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angles of 4.3, 5.4, and 6.3 deg, respectively). The m~l'~sured pulse heights 
·; .~: 

observed from the solid-state detector w~re as expectd~ for recoiling sil-

icon nuclei of these momenta, which we take as demonstr.ating that the nu-

clcus was not disrupted. 

2. Experimental Apparatus and Electronic Logic 

The experimental arrangement and the electronif block diagram are 

shown in Figs; 1 and 2, respectively. Counters s
1 

th:,ough s
7 

were stand-
;,, 

ard scintillation counters, made of plastic scintillato~: material and coupled 
;•; 

to RCA 6810A photomultiplier tubes. The electronic lpgic 'WlaS assembled 

from the 11 Chronetics'' line of fast 1nodula.r counting electronics. Counter 

pulses were standardized to 20-nsec width by the use of fast discriminators. 

This pulse width greatly reduced the problem of timing the counters, al-

though it was still short enough to give a negligible contribution of acciden­

tal coincidences (at incident beam levels of 10
4 

protons/sec). 

Counters s1 and s2, in coincidence, defined the incident beam. This 

beam then struck the solid-state detector SSD (to be discussed in detail be,. 

low). Elastic scatters from this target (SSD) were selected by counters s
5 

and s
6

, which consisted of annular scintillators {the ring shape provides an 

increased solid angle); they were geometrically arranged so as to define a 

scattering angle of a few degrees (see below for detailed settings) with an 

angular acceptance range of approximately one degree. Counters s
3

, s4 , 

and s
7 

were connected in anticoincidence in order to further assure that 

only events of the desired kind were accepted. Counters s
3 

and s
4 

each· 

had a 1-in. -diam hole centered on the incident beamline; thus they required 

that the scattered particle originate at SSD rather than, say, at s1 or s2• 

., 
I . 

... 

.. 

• (:1, 

. ,I 

'· .· 

.. 

Counter s
7 

was used to veto the unscattered beam. ~·. 
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An elastic- scattering event, then, was signalled by the electronic 
·,' \ 

Furthe'rmore, one could 
I 

easily obtain a logical s.ignal signifying a straight-through beam proton 

via s1 s2
s

7
• The procedure of the experiment may thus be suznmarized 

as follows: after having obtained a logical signal of either of these two 

kinds, one interrogates the SSD as to the kind of signal resulting from it. 

The electrical pulse from the SSD was fed into a preamplifier and 

from there into a linear amplifier gating and timing system 3}. This kind 

* of transistorized system is by now standard in SSD work. The preampli-

fier of the charge-sensitive kind, provides the low impedance necessary 

to drive a cable 4 ). The linear amplifier is capable of conserving the high-

energy resolution of the detector, while the rest of the system provides a 

fast-coincidence signal via the zero-crossing method, has a linear gate to 

minimize pileup, and has an output stage suitable to drive a conventional 

pulse -height analyzer. 

The interrogation of the SSD was accomplished by gating this system 

with the out~ut of the electronic logic in fast coincidence and displaying the 

amplifier output of the SSD on a pulse-height analyzer. For example, the 

energy loss spectrum of nonscattered beam particles traversing the silicon 

wafer is shown in Figs. 3(a) and (b). The characteristic Landau shape is 

apparent5). The energy- spectrum scale was calibrated using 390 -keV elec-

113 
trons from a Sn · source. The expected peak of this Landau distribution 

is 415 keV, which is in good agreement with the data. 

* . Units of the Goulding-Landis type are made commercially by Ortec, Oak 

Ridge, Tennessee, and by Technical Measurements Corporation, Northhaven, 

Connecticut. 
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3. Solid-State Detector 

The lithium-drifted-sil~con type, solid-state dev!~'e used as the target-
~ . ·. 

detector ih the experiment was fabricated at Lawrence'Radiation Laboratory 

(LRL) by the Nuclear Chemistry Instrumentation Group. 

procedure has been described by Lothrop and Smith6 ). 

The fabrication 

The sensitive region of the detector was 1.09 mni thick and 15 mm in 

diam. A diagram of the detector is shown in Fig. 4. Figure 5 gives a 

view of both sides of the detector. The left-hand view shows the cathode 

side of the detector with its large -diameter gold surface. This gold surface 

. 0 

constitutues a thin window about 2000A thick, through which particles must 

pass before traversing the lithium-drifted region. The anode, mesa side 

of the detector shown in the right-hand view has a lithium-diffused layer on 

the order of 5 X 10- 3 em thick which is similarly covered by a v.ery thin 

layer of evapora~ed gold. 

The. detector holder used is shown in Fig. 6. Because the detector 

becomes photosensitive when voltage is applied to it, the holder was made 

light-tight by covering the beam-entrance and exit side with a thin layer of 

black photographic tape. The beam-entrance side of the SSD was at ground 

potential, and positive voltage was applied to the beam-exit side via a 

0.004-in. ·-thick, phosphor- bronze cat' s whisker soldered to the center con-

ductor of a BNC connector. Besides being used to apply high voltage to 

the detector, the cat' s whisker served the additional function of spring load-

ing the detector wafe1·, thereby keeping it aligned in its mount. The single 

BNC connector was used both to apply high voltage to the detector and to 

receive the output signal. A potential of 120 V was applied to the detector, 

with a corresponding leakage current of ...;.5 f.LA~ 

··~·' 
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Without going into detail, let us mention some of, ijle problems per­

taining to leakage current and detector thickness. With 'any SSD, . one needs 

·to apply a voltage sufficient to collect the charges produced by the radiation 

to be detected. Here, one m.ust compromise between the desired collection 

and the problem of increased leakage current at higher applied voltages. 

If the problem of leakage current and the corresponding loss of resolution 

is serious; one can usually alleviate it by cooling the detectors to -50 to 

-100°C. Also, the problem of leakage current increases with increasing 

detector thickness. 

We aid not survey commercial suppliers of lithium-drifted silicon 

detectors to determine maximum diameter and detector thickness available; 

however, at the Lawrence Radiation Laboratory where our detector was 

made, the maximum thickness of the sensitive region of lithium-drifted 

silicon detectors is Smm. (These detectors are used only in the cooled 

state. The maximum sensitive -area thickness of r'oom -temperature detec-

tors is 3 mm.) The maximum diameter of the sensitive region can be made 

approximately 16 mm with an overall diameter of approximately 18 to 24 

mm ?). Maximum size is dependent on the availability of high-quality, 

floating-zone, P-type silicon fron1 which the wafers are cut. 

Table 1 shows the isotopic composition, spin, parity, and isotopic 

spin of naturally occurring silicon as used in the detector. As can be seen 

from the table, a small amount of Si29 is present which-1:'~·-~ifferent spin­

parity and isotopic spin than Si
28 

of which the detector is predominantly 

composed. 

Detectors available from commercial suppliers vary somewhat in 

cost, but generally the cost is no more than that of 2 or 3 photomultiplier 

tubes of the variety in common usage in scintillator experiments. 
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The effects of radiation damaae to lithium-driftecli~silicon detectors 
b ~~-l: 

is somewhat complex and dependent on many pararhete~fl, primary of which 

is the type of particle causing the damage. Goulding in fl. recent paper dis- • 

cussed this topic in some detail 8 ). In the experiment described herein, 

there were no effects of radiation damage. 

The energy resolution of our detection system was approximately 60 

keV at room temperature, entirely sufficient for our experiment. There-

fore, we did not cool our detector in order to improve the resolution. A 

comparison of typical energy-resolution values of various types of counters 

versus solid-state detectors is given in Table z:. 
4. Results 

The essential data of this experiment are the pulse-height spectra ob-

served. from the SSD target when 730-MeV protons were scattered by the 

silicon nuclei in it. Four such spectra were obtained, corresponding to 

scattering angles of 0 (i.e., no scattering at all other than ""'0.03 deg 

multiple Coulomb), 4. 3, 5.4, and 6.3 deg. 

Consider first the zero-degree "scattering". As mentioned in Section . . 

2, when the trigger logic i:s set for 0 deg (S1 s2s
7

), the pulse-h~ight spec­

trum represents the ionization-energy loss distribution of unscattered. pro-

tons passing through the SSD. The observed spectrum is shown in Fig. 3. 

The energy scale was calibrated using 390-keV electrons from a windowless 

113 
Sn source. These electrons gave a distribution with a full width of 60 

keV. Since the natural width of the 390-keV electron distribution is much 

less than 60 keV, this value was taken as the resolution of the detector sys-

tern. The theoretically expected distribution,. known as the Landau distri­

bution, was taken from tables by Seltz.er a~d Berger 9>, and is· shown as the 

,_ 

.. 

.• 
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solid curve of Fig.; 3(b). The curve includes an estimc:Ue of the effect of 
j 

the 60-keV resolution of the detector system. The mopt probable energy 

loss observed in this experiment (425 ± 10 keV) agrees quite well with 

the theoretical value (415 keV), but the observed full width at half max-

. imum is about 20% larger than theory predicts. 

When we trigger on scattered protons (s 1s2s
5
s

6
s

3
s

4
s

7 
plus the 

SSD in coincidence) we expect the pulse-height distribution to exhibit·this 

same Landau shape, since the protons pass through the Si with essen-

tially the same path length and velocity. In addition, the recoiling silicon 

nucleus loses most of its energy by ionization, so that the Landau distri-

bution is shifted to higher values by an amount equal to the recoil energy 

deposited in the SSD. However, this shifted Landau distribution will be 

broadened by the finite angular acceptance of the system. If the trigger 

is imperfect, such that the signal from straight-through (unscattered) pro-

tons reaches the pulse-height analyzer in addition to the pulses from scat-

tering events, then two peaks will be observed in the spectrum. This was 

the case in our experiment. 

The separation of the two peaks represents the energy deposited 

by the recoiling nucleus. The pulse -height spectra observed for the 

three scattering angles investigated are shown in Fig. 7. In each case, ·' ·' · 

the two peaks are evident. The lower-energy peak remains at - 415keV 

as the scattering angles change, while the energy of the second peak de-

creases with decreasing scattering a~gle. The solid curve drawn 
.1. ,.,( 

through the data points of the first peak was obtained by drawi;!lg a visual-best-

fit curve through the data of Fig. 3(b). If all of the energy from the r~-

coil Si nucleus goes into the creation of hole-electron pairs, then the 

observed shift will correspond to the full energy of the recoil nucleus as 

,. 

/-

I 
I 
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calculated from the momenturn and scatterin.g angle of tJ:+e proton. However; 

it is known that part of the energy is lostto atomic processes. The three 

scattering angles used in .the experiment and the observed and expected 

energy shifts are listed in Table 3. The last column in Table 3 shows the 

ratio of the observed to the expected shift. The fraction of the recoil energy 

that is lost in the creation of hole-electron pairs has 

LindhardiO) and experimentally tested by Sattler 11 ).· 

been calculated by 

)figure 8 shows the 
··{:. 

theoretical expectation {solid curve) and the experimetit.al data for Si recoils 

111 a Si lattice. Our data{ solid circles) as well as Sattler's are seen to be 
: ~~~l1 t'~ 

1n fair agreement with the theoretical prediction. '' 
'·' 

5. Discussion 

The above results clearly indicate that it is feasi,ble to use the SSD 

as a detector -target in combination with conventional ~park-chamber arid 

counter techniques. Experimentally this affords the dtstiiict advantages of 

{1) accurately measuring momentum transfers of a few tens of kilovolts or 

more by recording the pulse from the detector target and (2} using this 

pulse in a fast-logic system to trigger spark chambers or counters. Nucle<tr 

breakup can be detected on the basis of the pulse height, since lighter frag-

1nents have greater energy for a given momentum than has silicon. 

In addition, the silicon detector target offers a J = 0 and I = 0 tar-

get, which has the advantage of greatly simplifying the analysis of multi-

particle final states, provided the tei,rget remains in its ground state, as it 

does for coherent production. Such production also acts as a "cross-

section amplifier, 11 because the coherency requir·ement provides a factor 

of A 2 times the free-nucleon dross section at a given value of the momen-

tl:L."n transfer. Of course, the coherency requirement also limits the momentum 

... 

,_ 

., 

\:.' 

.. 

; 
. ' 

l 
I , 
' I 
l 
I 
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transfer to values of ""'100 MeV/ c, but since most oft~¢ physics done to-

day with proton targets involves periphe!al interaction~~ this requirement 
·~ ._;, 

should not' severely limit the physics that can. be done ~'ith this technique. 

A few ~xpetim'<mts that come to mind a:re listed below: 

(1) Production experiments in general, of the type X + Nucleus ..... Y + 

Nucleus. 

Here Y may be a multiparticle state ~s for example, the experiment 

of Allard et al. which studied the high-energy production of multi pion final 

states on nuclei by 16-GeV/c pions in a heavy-liquid bubble chamber 12 ). 

··The essential idea here is that the SSD,.would contain the spin-zero target 

arid provide a measurement of the momentum of the recoiling target, This 

measurement could then be used to trigger thin-plate spark chambers, whicJ• 

would provide an accurate momentum rileasurement of the ~inal-state bosons. 

Knowledge of the momentum of the recoil nucleus, which is not possible in 

the heavy-liquid bubble -chamber experiment, provides an additional con-

straint for the kinematic fitting. The invariant mass, M of the multiboson y 

final state is' limited by kinematics. For small momentum transfers, the 

minimum momentum transfer, q, to the nucleus is given by q = (M 
2
-M l/2 PC.)' . . . y X 

where P
0 

and Mx are the momentum and mass respectively of the incident 

particle. · Sinc:e coherency requires that q be ,.., 100 MeV /c., we see that mass 

values up to• ·""' 2.5 GeV can be produced by the BNL or CERN accelerators, 

and mass values up t? ""' 6.5 GeV by a 200-GeV accelerator. Of course, 

final sta~es. ot}fer than bosons may be produced in this way also, and neutral 

incident particles may be used. 

(2) Measurement of the ratio of the real to imaginary part of the forward 

proton-proton scattering amplitude by observing Coulomb-interference 

effects in small-angle p-Si elastic scattering. 

'<. 

I 

I 
I 
! 
I 

! . r 
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Using Si ·a~ a target removes the complication of th:~':;,spln-flip term in· 

· the stro'ng-interaction amplitude which b·eclouds the experiments that have 

been pe~formed on hydrogen; observation of the pulse of the recoiling Si 

atom in the ssp provides a trigger for 3electing ~mall-angle scattering. 
. . 

·, l . t . . 

Of course, one must be able to relate the measured Si cross section to the 

proton-proton scattering amplitudes. Attempt.s to do this are currently 

. d' . 13) un er way • 

(3) 
. . 0 0 

Regeneration of K
1 

mesons from a K
2 

beam incident upon a regen-

erator ~ 

This can occur in three ways- -on a single nucleon, coherently over a 

14) 
nucleus,' or coherently over thewhole regenerating substance • These 

three phenomena have different momentum.:.t;r.ansfer distributions. The 

pulse height in a silicon regenerating medium may facilitate separation or 

selection of the different interactions. Additionally, elastic scattering of 

+ -K and K by Si would be used to obtain precisely the forward-scattering 

amplitudes for K
0 

and K 0
, which are needed for calculating the expected 

. I 2 
regeneration rates. 

(4) Deuteron stripping by nuclei. 

There are two as yet uno bserved but theoretically expected forms of 

stripping of incident deuterons by target nuclei--photodissociation of the 

deuteron in the Coulomb field of the nucleus, and difi:raction dissociation 

. 15} 
of the deuteron . The usual nuclear stripping of high-energy deuterons 

should lead to breakup of the nucleus. The use of a SSD as a target would 

enable one to discriminate against this form of stripping and thus facilitate 

the search for other kinds of stripping. 
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(5) Detection of the double-ch;,.rge-exchange process. 

± . ± 
Parsons, Trefil, and Drell suggest using the reaction iT +A(Z)-rr +A(Z±2} 

b l 16) ,.. . · - s· 28 + M 28 b d' d to pro e nuc ear structure J ne 1·eact1on ii' + 1 - 'lT + g can e stu 1e 

with the solid- state detector -targd, and the puls·e height may be used to reduce-

unwanted background from nuclear breakup. 
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Table 1. Characteristics of the silicon used in the solid-state detector:·-

. .J.· 

Isotope 
Excitation Spin and parity I I so spin · · Nadural 

energy Jp p · .abun ance 
J . Io I . 

(M_eV) 0 1 1 ( %) . 

Si 28 .· i. 78 + o- -+ 2 0 . 0( ?) 92.2 .. 

Si29 i. 28 i/2+ 3/2+ i/2(?) 1/2(?) 4.7 

Si 30 2.23 o+ o+ 0 0(?) 3.1 

~ . . 

., Data are from Endt and Van Der Lenn, Nucl. Phys. 34, 1 (i 962}. 

t Subscripts 0 and i refer to ground state and first excited state, r~spectively~ ::· 

.. , ' .' --~ 

··: . 
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'.··, ·...... ";·· ... , . ' 

':" ·, -- ~ ' . 

·' .. ; '. · .. 

. . ~. :-~. ;. '· 

·t:···· ...... /< •• 

. ··_..-· 
. ~ ~ , .. · 

.... 
• f. 

,• .. _,. 

.. ... 
. ~ : 

. ·.··. 
.. ···. 

.; .. 
··: · .. 

-,,,•, 

. --~ ' . '::··'. 



-15- UCRL-16603 

Table 2. Typical ener gv-resolution values {full width at half maxim urn) 
of various typ~s of 6etcctors. ~< 

Type of detector 
Energy resolution {keV) 

_E=i 00 keV (~) 1 MeV(a.) 10 MeV{a.). 100 MeV(o) 

Gas 30 30 30 

Scintillation 15 50 200 1000 

Semiconductor (25°C) 8 10 12 50 

Semiconductor (77°C) 3 7 ? ? 

·'c 
., Data are from Fred S. Goulding, A Survey of the Applications and Limita-

tions of Various Types of Detectors in,Radiation Measurement, UCRL-11302, 

February 1965. 
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Table 3. Comparison of observed and expected recoil energies, 
~E transferred is (P

0
sin8) 2/2M, where P

0 
is the incident 

morncntum, () is the laboratory scattering angle, and M is 
the proton rnass. 

Scattering ~E observed ~E transferred ~E obs./~trans. 
angle 
(de g) (keV) (keV) 

6.5±1.0 350 ± 24 446 0.78±0.05 

5.4 ± o. 9 272±15 330 0.82±0.05 

4,3±0.7 140 ± 18 200 o. 70 ± 0.09 
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Figure Legends 

Fig. 1. Counter geometry. s
1 

through s
7 

are plastic scintillators. 

SSD is the solid-state detector. See text for details. 

Fig. 2. Block diagram of electronics. 

Fig. 3. (a) Pulse-height distribution from solid-stat~ detector when 

730 -MeV protons pass through without scattering. 

(b) Same data as 3{a) on a semilog plot. The solid curv·e is the 

theoretically expected distribution of Ref. 10. 

Fig. 4. Cross section of lithium-drifted silicon detector. 

Fig. 5. Photograph of detector used in this experiment showing both 

front and back surfaces. 

Fig. 6. Solid-state detector and holder. 

Fig·. 7. Pulse-height distributions from solid-state detector when protons 

are scattered from detector at angles {a) 6.5, (b) 5.4, and (c) 

. 4. 3 de g. (d, e, f) Same data as a, b, and c, respectively, on a 
i 

semilog plot. The solid curve through the second peak in each 

frame is a visual fit to the data. The solid curve through the first 

peak is a visual fit to the data of Fig. 3b. The dotted curve is 

the difference of the two solid curves. 

. ' 

'. 

Fig. 8. Ionization by a silicon recoil atom in silicon relative to an electron ,. 

of the same energy. The open data points are from Sattler, and 

the solid curve is the theoretically expected distribution (see Ref. 12). 

The three solid circles are from this experiment . 
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This report was prepared as an account of Government 
sponsored work . Neither the United States, nor the Com­
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with r espect to the accuracy, completeness, 
or u sefuln ess of the information contai ned in this 
report, or that the use of any information, appa ­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any li abi liti es with respect to the u se of, 
or for damages result ing from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As u sed in the above, "person acting on behalf of the 
Commission" includes any emp loy ee or contractor of the Com­
mission, or emp loye e of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to hi s employment or contract 
with the Commission, or hi s employment with such contractor. 
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