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Optical Methods for Reproduci ng Sounds
from O ld Phonograph R ecord s

J l:uzlImi and T . A",kllTll

S" m mlll")'. During lite lonr. IIi. l...y ,of l ltp ,1......10prnent of sound ll"Tomillg I<..-h ·
n"l!"RY, ~ large number or ,"",I'd ;nl\" h~V1' t-n made for aradf'llI ;C 1' "1'1''''''''' in
' ·a ri... ,,~ fields , as "..,11 "" ror a m""''''PIII purl""""'. In utilizin~ III""", """",I m,.""
..ial", h"'....,,·., the'" is ~ """iou. I.....hl..m lhxl ....tll' ' " roling media ."th lL' "'AX
")'li,,,I,'''' "nd an"log disks are 1=, t"b.... l ,,,,,I I.,,,,,, b n, or .."" be, damaR"'l ..lL.'
ily by JlOOr I""~' 'f\''' l ion ..." " lil.i" " 6, careless ll"",Hi l1g "",I rel",,, , ,,,,1 ' Pl""d".-r" 'n6,
A~ Asol" tion I" ""eh" pr"hl"ln, w~ h",,' d","elop.d opt i",,1 fc pmd llr.li"" Hlpl.l",d,
f" r <>1,\ " 'fordin,'; medi", " 1.",,,_I"'R '" " ·fl ...'[i<>,, ",,, th ,,d for wax (Jl iu,k" , " 1"",·1'
lliff,""ti ou !l1"lh",\ fnr " Id disc reconl., "" ,I "" "xl.O'",i "" of Ih~ laM·r·b,'am lr ll,,,,­
ti"" "''' ' h"d for ll,,~at ive cyli " d , .,.~ I'rinei" l. " .1",1 p"'I"" t i,," (If ! lw' e "'H hol!. ar("
,l" "aibed,

] Int r od uct io n

Sir,,");' t il(' OO \1'11t of the finrt ...hollogr " l'h in 1871. rho technologJ' of rff:Onli "J/;
nno r"'pl'OO uring sounds hall been developed ext en~i ,.., ly in response to st rong
public demand. During Ihis hi~t"ry, VlI rious kinds of records 1lf'11I'/l ..,~ I , frum
..../tX phon<'l'\l'lIph cylinders, II primi lh'(' lind 1lJ'"log ty.,.. or record . to 01.lk ai
dL~klI based on ",OO"rn d igi lal l l'dmololr;i<'S. At t'<ICh stage of Ih.· d.. ,·..k>plllent
or I'l'<.v«Is, II large num ber of r<'O ordioWi haw b. .." n mad.. for ocaetrmi<' pur­
po!If'S ill \'a n oll ' ~lds sllch aI' musit:oIosY, lingllist i..,. and "OCia! st:im ...""', i\lI

.......naI' foramU~1 pUrpl_, IUM.I tbl'Y no-,' pl'O'Vide us ..; Ih 1'I huge mm,I.....
•• valuaWI:' !IOIInd rnatl'rials,

II OWM"t'r , th.,.", ;s II serious problem when ...,. ...·anl to use Ih""", ecend ma­
terials . Early recordi ng ml"<l ia ~,...h .... wal( cylindf'r.'l and analog dish Il.tl' I..""
rob U>lt and I..ud 10 be damagt..l. more I'A1ily by porn preservanon rondit ions ,
cac<'lQlS handling /Uld Tt,><'at ...-l ....pruduct ionf;. Tbcrcfote , it is imul....lllft t.. lind
""1I...li " ,ps almost impol"uble to r......rod u.... "ou ,,,ls from records with i'll','('rl'
damage by usi ng t radi lional phonographs or record pla}....-s. :\lor"",'''' , to n
rur d i~ks in good cond it ion, l,hl' 11111 ' of It t rad tt lonal phonograph gi....>:<l ri ·
to Iunh r-r "1 \llring , Consequently IIot only is the qllll.1i t}, of reoorued sounds
<I..!t>r iorat iflfl: hu t. a lso the ..("{'()r<l . t lo <'lIl_ lv.... are L...ifl fl: spoil...-l . Th i ~ i~ " IW'­
jnr rrohl"", sill('" the record s are sm nr,t iml's tr,o;anh-d a, It part of II "al llahIE'
cultural inheritance,
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410 J . U....Qmi ~nd T _A""~. ..

F ig, 1. T'il. "d,ki'. wax cylind<·t (" 'i', t ) ~lLd ;t.,
f lW' (1'11)

To OVt'lTome .~lI rh diflicQ lt i...., ..... ha vo: dl,\...loJ>('tl upl ica l repro<l"rt iun
mplhOl]~ for old rl'(.'OJ"dillg m~ia, for which I."d il ional reproduction illsU"u­
menta Me inll, I"' luatt'. In t his chaptt'r , _ preso:'nt the history 11.,,,1 l'.incipl.'lI
of such optical met hods developed by our l'fW"arch group .

2 wax Cylinder: Laser Bea m Hettect ton M ethod

As i. w"l1 knO\ll'n, Thumas Edison , II \'<'ly famous Sf"i.'n l isl " nd .."gill....r in the
Un ited States, ill\1 'II" ,,1 " . ....nrding machine ,<'ili"h " <15 ca l1..... I h.. "P hono­
I\raph.~ After 10 y<~rrs ' improce ment, tht, l,boIlOfl'''l'h , b ased on wax cylin­
defs , l" ..·,urw Vl:'ry lWvu1ar. T hcse wal( cylinder phonographs wl'l l:' ,1i.t riIHl te<.l
illl over th e "'(Hid fOt ahollt 40 ypar, from 1887 to 1932, In th " Umr..rl States ,
wax cylind er phonographs were 1ISM mninly f(J)' t l", purpose of a musement.
In Europe, on t lU' ullt "l ha nd, these phcnogruphs lI-cre used for rl'l'(Inlillg not
ouly the ,"Oil'I,,; of fmnous Pool,l" but lit"" well-known music and songs. In
addition, t he phonUKJaphs ,w ro 1I"",.j for the BC.lIdl'lllic " UTI" "'" of ' ",,:ording
t he venous 1Il-Uj4IUlj4I>1 of (p!\I>PCi ally) minorilY races.

Using the phonograph over the years from 1902 to 1905, n. Pilsudski
( HI66 - 1918) , a polIsh an thropologm , r..rordt'd on wax cylinders t he sprech
and songs or lhl' Ainu people in Sakhehn lind Hok kairlo in order to study t bf'ir
(' nlt ur,,_ In 197;, l' iJ.;uclski 's (is...-ax cylinrlM"!\ WffP diSCOl.......J in Poland and
brooght to Ih", H.......rrtt lusttt ute for Elpcllllrtic Socnce (RIt:.S), H" kkaido
l: niw rs.ity, in 1983 for t he purpose or fl'I" O<!lIrtion and invesr. i,ltal ion of the
SO\Inois n 'cunl,,,] un Ih t'1Il [11.

Some-.. h", III1 ('r , lUli ng t he phonogra ph ()1.'(.'T the rears Irom 1!J:.!u to )9305 ,
Takashi Kit azaw (1870 - 1!16O) , a langll llj4p l,m fPS.'l(lI" 1I1 O~ lJnio'<'lsitr,
recorded t.h" 51"""'h /" ,,1 songs of many people in Japa n, Thiw" n, t it.. Philip­
vines . ~lal;]ya , Singapore an d h ,dortt",i" t" iuvest il'\at<: t he origin of t he J upa ­
l](' S(" l ml f'; l l a~.. , III 1985, Kltuzuto's 2~O wa x rylini!I'f8 w,'m di""o\-'I:'rt'tl in K yoto
and also brought. III th" lU ES for reproduction of t heir sounds .
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Opt.icall\il~t"o d , fm R~produci ng Sou"ds -111

2 .2 W ax C y lind e r

P honograph cylinder , of the Edison type used by P il, udski ,'mr ,. 5,; mm in
diameter an d around 105 lrtm!(lTl g (Fig . I) . On th eir surface, nearly 400 turns
of groo",,,s w" m eut with a I'itd, of 254 111lL Sinee t he rotational velocity of
a phonograph in his t ime was some 140- 160 rpm, the sound for 2 3 min was
recorded 0 11 one wax cylinder. Since , in the recording for the wax cylinders ,
the grooves were cut only by t he 80und ('nergy, th" d"pth of th" grOO"'''" W 'I."

usually wry shal low. For example, a groove of t h", wax cylin<j",r recorded by
a prof""ional ('nginc"r dur ing his ti me had a maximnm dpp t.h of 50.,.nL In
til(> CM" of a rE·cord ing by 'In illllilteur, the maximum groove depth could be
Illuch shallower; for l'x;'Jll l'ie, it was 10· 30 11111 for I'Ilsudskl's cylinders.

T he stylua of the r~(Ii,on-type plLono)l;mph l'ul.8 a hm vy pn"SHle of ap­
proximately 20 g Oil the groove of tho w[IX cylilJder in tho re produ etioll
process ami , therefore, t here is a great risk of damaging the wax cylind"L
ConsP<l1wnt.ly, a re prod llct.ion systmn using n very light-prf'ssur(' stylus w;~,

dpwloped ill our laboratory, and some cylinders ill good condition were re­
produced succesRfully by this system [2]. However, some cylinder remained
un procoss od because thoy wera cracked or in ptecos . T hese broken wax cylin­
dprs wpre rel'airpd ;~, shown in Fig. 2. EWIl after thp rppair, however , th e
S(.yhIRmethod was inapplic able because the remain ing gaps or missing part,
could dam age the stylil' , To reproduce t he sound, from the repa ired cylinders.
we dp\-,ploped a IIOlicontart amI nondestructive method based 011 t he refle(;.
tion property of a las er beam , and called t he las er beam reflect ion method
[1.3J.

F ig. 2 . W~X cylinder (left) in
pi"res ami (right) afte, r~pair

2.3 Laser Heam R e fledio ll Meth od

Fil': llre ;) shows the princip le of the laser beam TIJ"thod . T he h s('r b"am j ,

ilJ rjdf> l'lt ontO til!' groows r.ut On tho surf;u'l' of the wax cylinder nnd reflected
at an augle obeying th e reflect iolllaw _The reflected beamreaches the detect­
ing plane, placed perpendicularly to the opt ical axis. T he intersection poillt
of the reflecte d beam is scpura tcd from the origin by a dist an re proport ionill
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t' il';. 3. &,h~watic I-D diagra.w " f lh~

l ,,",er_ h~am r~f1""ti on ,,,"thod

to till' reflection angle . W hen the wax cylinder i8 ro tRtHl, tl", int ,'rs"ct ioTl
point llH l\'''S temporally on the detccung plane, Thi ~ temporal variation of
the intersect.ion po;;it ioJl is detected by a position-ecnsltive device (PSD) as
a sound , ip;naL Th" dm,,,<:tl'd ' igna] eorresponds to the time-d ifferentiated
sound signal since the angle of the re flected ray depends on the inclination
of the gIOOV(! at the illuminated spot pcsiuon. T hi8 diff"rent ial property em,
] J~ COlllPPII8ated ill tl", fwqnell ry domain electronical ly. e.g . by using all au­
diogrnph ic equalizer.

A Gm'8" iall lH'arn emerging from the single-mode He-:-Ie Ia.'l'! with a
wavelengt h of 0,633 >lllI is focused by an objective k-ns with a waist diallwt.m
of 30 1-un , T he wax cylinder. whirh is t.ran,lat"d with ro t.ation, is illuminated
by a divel'gillg Gaussian beam at a distance z from th r beam wai"t , T he il·
luminnted spot diameter can be easily adjus ted by moe;np; tlIP obj,~,tive I('IL S
illoUfI the optiral ax is and , hencc, by cnangtng the distance z , This tor]'(~

spends to changing th« diamNm of a stylus tip , in the stylus method, which
can not loc changed eas ily d n" to its Sl.l' ndnr".

The driving part of t he r"production system is shown ill Fi..,; . 4 while the
illuminating and det ect ing pal't8 "re pa"t ly "hOWl! ill Fifl ' 5, The wax cylinder
is set OUW II ro tary shaft 150 lllIll long, wit h II 50 mTIJ max imulll diameter on
on" side, am] a 40rJllll mmimum d iameter on t he other. On the surface of
the shaft , the screw t,hread i~ cut to preve nt t he wax cylinder from slipping
off dur ing the reproduction. T he shaft is COllnec(ed by a ],,,It a nd n-els to t he
AC motor. Th~ rot at ing wax cylinder Is placed on II movable stage traversed
by ti ll' Htel'piIJg motor in a direction perpen dicular to th e optical ax is. This

ROlary .~"~

Tr.". IOltOnal .._ lie mot<>r

- se-

F ig.4 . Top vi"w of th" clr i,'·
ill g part of the rcprodU<,t;n"
syst"", for wax c,I'lind",,"
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~'ill' 5 . Con,trucw,j r"I'TO) <lllct ioll
.y",~m , A 2·0 PSO i, " , ,,([ for th~

ddector, thou gh a 1-D PSD w,,",
u",d in the first "yst"", TI", I,.",
dr i\'cr for t.hc l.racki llK CITor COlll­
pensation mentioned in Sect. 2,5

was f<'moV<'<! in this eonfigllration

stage call be moved with all aceuracy of 2 ~lll l' ~l' pu b", and it i. s"t 1.0

be translat ..d by on.. pitch of grooves with 254 u m for every rotation of the
wax cylinder, T he translation and rotation of the wax cylinder by means of
th" "t "l'l'illf'; motor and t he AC ",ot.ot are synchroniwd by using a rot ary
('n"o<l..r.

2.4 Pr{}l'f'rti,,~ a n d Prohlelll~ of Rt>pr n du"",' SOlll1d~

T he laser beam met hod is bused on geo metrical optie~. lI owt'w r, thl' art <l ill
reflection phenomenon from the grooves does !lot ~Xflrt.ly ol>py t l>p law of
gmmN ri"al opt i"s occeusc of the fi nite diameter of the illuminat ing laser
I"'",n , \"'e hav(' f01 md ~ev('[aJ problems in the development of this method:

1. Fiddity of tin' reproduced sound
2. Noise cl'arlldel'i~ti,,~

3. Existence of echo
4. Occur rence of tracking error

We solved these problems by quan titative luvestigation of the reprodu ced
sOllnd ~ i gll"iH.

To st ud y the problems of fi delity and noise chuructertstics, we investigated
the long-time freq uency spectra of the sound signal produced by using the
styl us method an d th e lu.spr I>pam TllHt.hod , In Uw stylus lll('t hod , "" llS\'d
til(' F.d i~("'.t)-'l'c phonograph ; in t he laser beam met hod , the illuminanng
spot diameter is 80 urn. A~ a result , ,,~e found that, ill t he cas e of til!' Ht)'lus
method, the sound is in the freq uenc)' range from 250 Hz to 6 kHz. Especially,
the resonant frequencies are llt 400 Hl, 2kH~ a nd 4 kH~. In t.he l""s,,r b ~;U ll

1llNhod, th e sound int ensity with the low resonant frequency at 400llz is
strong but the sound intensity with the high frequency is weak. Th e lark of
high-frcqucll"y CorllpOneut ~ makes the consonant indist inct.

The existence of noise Inherent in t he laser bea m met hod WM also ex­
amill('d. T In' low-fr(" j,,,," e)' ]joi~c lwlmv 300 Hz is very ~t.ro]jg ~Jl(1 giw" ri~e

to a great. (lE ',,1 of dl'gradat.ioll on tho nrtlculntion. On the ot her hand , tha
high-frequ ency 1 lOi ~c aoove 1 kHz masks t.he rel' rodu"ed "OUI1,!-'; amI b P('''lll ~S

mOre ob~t.rnrtivr to hearing the reproduced sounds .
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To invrRt i,,~t e the cau, e of t he noise in the laser beiliu method, ";e stud­
ied the refieet.ed spot at the detec ting plane m,,1 found a ra",lom granular
int.cn"ity pattem together with the reflected beam "pot. Thi5 granu la r pat­
tern may be produced from int.l'r for!'nce of the laser light reflected by the
micro-structure distributed o""r the surface of the wax cylinder.

We also inve"tignted the fidelity of the reproduced Round by "hanging
the diamctel' of t.he lllumlnatlng laser beam. Figure 6 shows the var iation
of the long-time frequency spccna of the wl'roduccd sOllnd~ with the spot
diameters. \Vith an increase ill the ]",am diameter , the high-frequency COIll­

poneuts are !!:" ,at.ly ""luced. Thi, may be due to the smoothing dfoct for
the tilll('-VllI'ying d irec tions of the beams reflected from till' gWOVl' wit.hin
the illuminat.ing heam ~Jlot _A~ mentioned above, the lack of high-frequency
"ornponl'nt~ makes the consonant ind iRt illl"t , From this illVC"t igat irJll , we COII ­
dudc that the most suitable spot dlametor iH30 130 urn from the viewpoint,
of t he fidelity of the reproduced ,"'",,!.

F igure 6 a lso show, that t he hi!!:h-fre'lu,'ncy uoi,p sudd''ll ly decreases with
au increase in the illuminat ing hemu "pot diameter. On the other hand ,
the low-fll'<}u"ncy !loiS!' exist" indnppndent.ly of any variation In the spot
dialIwt,er, Tll('r('for(' , the high-frequenc y noise can he effcct.i vely RU PJ",,""nd
hy u"inf; au illuminat ing beam with a large dimuN el'. However , the noise
iiignalR in the low-fr"quency regiou hal' '' " "Of" t""t i ntp!l~ity independent of
tha b",w) d iameter. Thi~ low-frequency noise below 300 Hz may be suppresRed
by using a high-pass fil te r since the ROund information in this region Wi1~

not recorded orii!: illally. From tll(' " ipwl'oillt. of Iloise reduction, the noise is
sup pressed hy u, ing the laser beam with a sp ot. dimnMer of over HO[lJ n ,

Another problem is iOn echo. The echo is overlapped On t.he wpwdu"..d
,0undR hy an inc""",e in t h" illurllina t inf\ beam diameter. Figure 7 "how~

the a utocorrela t ion fun ct io", of time-varying sound ,igIl~ IR ,~, a fllllct ioll of
the d i"tam'" z , T he maximum peaks at T = 0 s result from the soun d signals
reproduced from the grooves illuminated by th" he,,,r h"iIl", The second peaks
at· T = 0.4 s come' from the echo a nd t heir magnitudes correspond to the
illtellHity. It "an bl' s<"'H t.hat the intensity of the echo increases with an
inrreusc in the beam diameter. T he laser hl'am with a spot diameter la rger

•

, , . , ,,
. ,,' I, ~"
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- ' .' -.., -.. •• • • • ., • 0' o. •• ••
, l_1

Fig. 7 . Autocorrelatioll fune·
t io", uf reprod ueed ,ou",l , ig·
nals as a fUllction of lh~ di,.
tal1,-e z from l he beam wai,t

t han the g roov,>wid t h illuminates the adjacent grooves and, t he refore , causes
thp pcho sUl'p l'l' "sed Oll t,h~ main signal. W~ found that the intensity of the
echo is to he under :10% of the main soun d intensit.y for a spot dih lll('lcr of
less than 100 urn. Lnder th is condition. the existence of the ccho dOCH nor.
di Rturh hehriIlg tt", rq".od,,('(~l SOU Ilds ,

T horn is a possibility t ha t the iIllllniIlhti n)!; heam lr<l\'( '~ t he gHK""" , prodlH:ing
a tracking error, beca use it doe, !Jot dir p<:t ly tn,, :e the grooves of the wax
eylindnr ,~, inlhe ell.~e of the stylus Illt'thod . Til e tracking error results mainly
from the position er ror of the driving pert in t he reproduct ion system. A.
shown ill Fig. 8, if t he tracking error occurs, the incident beam is reflected in
the y-dirrn.ion. In this case, t.he intensity of t he rpprodu (~,d sO" Jl ds d"eH"18"S
suddenly bemuse the Intersec tion point of the reflected beam gets out of t,he
one-dimensional (loll ) PSD .

To avoid the trackinp; error , wi' ll S<',j thl' two-dimensional (2-D) psn and
t h(' I('ns drivc r of a cOIllpad disc play"!'. T he 2_D PSD al low/< independent
detnet ion of tll(> c- and !I-(\)ordinaw~ of the beam spot position. Using the
el""l.ri"1l1w nwrs i"n system shown in F ip;. 9, the t tme-varytng values of the z ­
and y-n}()rdinnt,e~ of the refl ected hrilln !>('COlIl e 1.1", sound a",1 th" t r",:king
error signals, respectively, The trucking error signal is fed to the lens driver

'"

~-. +-1-.
,

!,

,.j
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Fig.8. Oplieal rays r~fi~etprl froHl
th.. gw ov.., (a) without m"l (b ) Wilh
trackinK error
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Fig. II. So.:M lir d;,,-
l;Iam of 1M l'l II ;'-aI roll_
, ....,.;.... "Y"'!" m of tbe po­
";Iion sil:llal.~ by
the 2-D PSD inl.. .. ...,,<1
and t r..d;inll .,.,.nr Mil:"al
currenL.

tu tH"H' t he It-lis. By mo\"ing t.h,· lens , t he ill" I!I illatillg ' I' ''' IlI0 \'t"S to the
center of the ~roO\~' to k("'l' t.b.. illuminatj(m IlOrllla!.

:.l .ll ~'lI r tl, <,r D"v")0 J.l lllc nt of t h e M e thod

'I' ll.. IMl'1' beam reflection Tn<'!h nd introduced a b" w has h""u developed fur­
ther to im prove its pcrfm lllllHCI' a nd to IJ..o aIJIJlif'd to old rNCord. o( 1"U 10US

t ypl....

I" t il" lat' '''1 systl'Tfl d"I...IOV....1 in our labora tory, a laser ,h <>< l" (L Il) Wil l,
Il W>lvt-'I..ngth of 0.78 11m a nd a mnx iulI"n po....... of 20 In \\' is used WI t im light
liOlI.('e to ma k,. th.. 0l. t ir ol'l system compeer a.~ shown in Fig. 10. In 'uldit i"n,
e n illlaging Ifft.~ anti a pinhole are in"''f lt'<! OC'f. ........n the wax cylinder and t he
'l.1l " SD. III this mnfiguranon, the lo'ns product'S an imll&" or th.. r y lilltlt'l"
surf,,,... on th.. pinhole plane . T h,' I. iohol@' t ransnuts only the imagl' of t he
illuminat ing spot and "'if'cts tho'- stray Iip;ht roming frot1l surrounding pam
0( Ihe cylindf'r su. foce . thus red ucing t he noi~ d ue to t he aml';"nt light,
e.g. from a f1llOrt'Srellt lamp. A f>hotOll1ll\!h of t he latest syst...m i~ ~ho•.-n ill
FiJt_ 11_Thi.~ compact system ...·M used in 1996 to reprod uce d lt' SOImd from II
wax cylinder 011...hk}, a plano tun..., "Uuugarian Dan("('~ pla~w by Johannes
IIrllhllls , ....a.~ recorded Oil 1S89 , In this nn. syst....m , t hc Ilark in,; i~ It'a1i~od .

----
T~ ... . ' 11(.10. Schemat ic d ill&ra m of , h..

rt'<"('nl reproduction ~"",t"m fo . ",'U
'·ylin,l""". T he pinhole i ~ I'lat"l't l ill t il"
i", al;" 1'1",,(' of t h... I..." . ""d tran~lUit~

,,"ly tile image of t he ill"m; " at ill,it .(>Ot
and ,-ejoct, t he ambie" t.•t ray I ;~ h t
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F ig . I I. Photagr" ph of tM
"""'ht ,...prodoctiOl' ")... .....
fOf ...·ax cyli""....... . Do-urtion
<.>pto ihclu<:loeo the imap nc.
....... pin~ ....<1 2·0 PSU ..
~ ill Fi& , 10. ... I""" ;"
...0.!D•...-I on t he froDl ""d 0(

Ihe hoid<-. of Ih O' to

by adjusting the translat fon ~1'.~~1 "r t h...11l1';'" on which the ...·ax cylinder ill
lnounlfti, . a lht'r t han us ing the len s dri ve .

S<>tll to interesting attempts to imp"" " the meth od have I~n ItI lld,' I.y
K1lkilJ1lu ra ct al. [4,;;1. As IU, alk rllllliw ....Ily of hnproving the m u:kinll, it

l·OlJt ....:t lllt'thod ba'll_,j OI l :. IightM·ight optical flhc. ....as l'fOl>o;o., 1. ro "" lw
. !Ie ll"i"" l'wl ,lml, an inroh..r"'l t lil\lit source wtil; utili7.(~l, hy which th" gmn.
ulur pattern in the beam spot. Il,l the tlm,cf ti"" pia",' is SlJl'l'r""",,1.

:.l.T !L'l' licat inn of C yli n<l.'n

There is a quit" different way of reproducing sounds from a wax ,·y1ill<l..r
wit hUllt a l'Yrisk of damaging the cylinder hy •be heavy stylus of a ' T:ldi t iol1ll1
phonogTIlI ,h, i.e. nm king " .,."Ik.. "f th.. cylinder a.nd play in" il directly en a
pho.nuj1;Ta ph . T he lI'I'ljc" ' ion ,,1m) ha s the Ild"flnt flg" of pH....' rvin" Ih.. n "T,,"1
n mtlitio llS or thp cy lindpr without further deteriorat ion. For th.. p UJ1)lW' of
pTl'lOl'rving t he Pilsudskt cylmders, rel'l ica.~ 01 1hem """ " mad .. u~iTlK the epw;y
r....ill and mnldillg ' ....hlli'l ue developed in the denIal field [21.

Firs t , the ,,·ax q ·1illd..-r ".a.~ mounted 011 the axis of an outer cylind rica l
mold "d lh a 10 em i_d. Thpn . d....,t ll.l iml'rl!:S>lion material (Exaflex inje~:tion

I)', ,,, fo· . GC LTD) was poured into tbe ~l >ao' between the cylind..-r and t hl' "'al l
oI lh.. "'old , "" ,ho\ll"n in FiF;_ 12 (M I) . Tho: unprcssson materW, lI·hich "';15

made of \·in~·I-~i1irolle rubber , 1111$ many ,..j '"ll.nlllj;f'S, _w eb as hil';l1 acr:u rac:y,
fluidity and Aexibilily. After t h(' silimn rubber hard....ed, t h.. " 'IlX ('~· li llde•

•

Fig. 12. R." li""l ion l'['1lnO­

dures for t be ..u ...yh"' .... ,
(I_jll t h... okntal impression
llI al" riai i~ J>Oul'1'<1 illw ti,,,
" ""..., t,..h ....ll ' he "yhn<l"r
and ,.h.. wall of Ih, ",,,1,1;
a nd (rig"!) t.il.. "l~ 'XY t""ill i.
poured in to t l,.. ,i lic<" 'lO t ulo.
b", mold
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....,"~ carl'fu lly TffillWt'd. I\""t , Ibe ..~y t es in (Spurr Resi e , T AAD LTD),
"'hkh "'-olS t hOl"Ol.lRhly mixed and d<'gl\-W'<I in /I. \"",uu m chamlwr . WlUl polJrro
into the silicon rubber mold, ~ ~hO'&"n in Fi~. 12 (right ). T hr: t1"lin " 'as
rotnplet"j,· cllrrd in II ron~t./l nt tf'm,...rlltllrO' O''''n fOT 36 bouts. It . 'alI sho"..n
w h<' ,><...,.;1.11:0 t o rl'l'roduc<' usable sounds from the repliea a u~ill p; a ...'Otking
model of t he orip;i nAl Ed ison_t yp<' mllCh i.....

3 Disk: Lase r Di ffraction Muthod

After t he ]>lOjl 't' 1 of ""lind ' f'product ion Innn the Pflsudsk j WaX cylinders.
lllany old disk rerords we re found in .Iil [>./lll On whitt. old sp"",-' h 111,,1 songs
of nati\... Fm m" ' " 11 n ih"", had been recorded . SOUle of these disks are mooe
of ebonire, som.. of a luminum, a nd th.. oth...... of aluminum al loy. ,\ 11 the
disk records were monaural, being rl-wrdlod wit h a rotatioo31 frft,u....cy of
7B rpm . T h.· widt h ei t hO' sound r;rotI"" and the S('p.aration 1wt....een t ...-o
adj",-ent grOO\~ ...'l're ;;0 and 200 !!In , nOl Il<X1.h'ely, thood! they \"lilY de­
pendin,; Ol.l the type of r(>("()TeI" and t he n'COl"dC'd sound intensit y. SillCl' IhPif
conlents arc imp,,' UUIt from linguist ic:' lind folkloric \iM\1>Oints, reproduction
of t he sound fm m these disks is strongly d....irable. Appa.ll'1l l ly ,l u.. W im­
p"',"'. SIO.~<:' of th_ disks, hO'Ol,(,\11: , al mose all are 00'I'CTCd ..,.jt h mold , and
moot of t he II hnll ilnllTl a nd al uminu m a11 "y disks lire rus ted , liOlllC lil:hth" and
liOtlle se r iously, an d have many scr a tches . T hese undl'Sirllhll' e"hlll'fo\'''' Ul th"
disk sn rfm"l's 1' t'l·WIl!. " l'd illlll"y reprod uct ion uf the sound U ~illg n mw ntioni\l
uscuus sUe"h all phonographs and ruonl l' llIy" rs , '" par ti eul" r , t.1l 1' tl l ~t on the
alo lll ,irnllll and nluuuuum al loy disks , whether slijl;h t or "pri01I~ , dis turbs the
t racking of t lw s ound grooves by the stylus 11",1 lllakp" ,,'pw,hl<'.l,ion of tile
s"und aln,,"t illl lJO"l'iLlc,

T hen ,r" n " .. n" n<'onl ac t optkal ,eproduction ",mhnd ,,";~~ agm n con~id­

I'r,'<I. However, sinN' the record ing ,lt illcil'lo", ,, ' disks a nd wax q linder Hare
diff erent , t he la.,,'f beam reflPCtion m,<thod dM"f'Iopt'd for t he cy lind,'fs is in_
II I.plicabl.. 10 th.. d isk. That is, the sound sijl;nnls of disk records II«' rnrodC'd
as a horizon tal var i>t.t in.. of th.. !KMmd jl;tOO\"1'!I as shown in F~ . 13. T herefore,

•' iX_I S. Sound gWO\'("lI orII . I;. k . G""".....
,,'iu,j IAte,ally corr""Ponding to II", ..",,,d
.i ~ ,, &l~ t'n('oot'd. T he pitd ! of jtro"v ,,,. i.
" ot ro n. tiu ,t " nd vari"" ac<:ordiul: to t l",
r..",,,, ling I"vel

•

- 74 -



OJ," r al ~ 1<1 hods for Reprut.lu..in(\ Sound. 119

"" ha.... developed anether reprcducuon met hod that exploit s the diffrac tion
1,1" 'f,onwn on of t he Ja.wr light by t he sound grooves [6:.

3.2 La...... D iffr a ct io n Metho d

T h" principk d detectitm ~ sound from t he ' l"COrds i.~ ilIlis t ratt'd in n~. 14
In I he c.a.~ of di., ks of t hi.~ tn ll', sound llilOlais are encoded a" laU'fIII vari"tif"'"
of the ltfOO''{> around its m.....n run ... t hat ..... I"PSI>onds to a gI'OO\'t! involving
nO "'>lmd signal. A cress sect ion of the sound grooves ill llJ>proximat.·ly \'.
map...l, 1hough its detail. d'1)('II,1ull rh.. runillg 61~'11lS used. for t ill' r ecordmg.
O,, '. idPT a Gaussian beam from a I ;~..'r illuminating a sound groo, ... wit h ~l

ilIuminat ioll lIllgl" If> ..... tha t t ilt, piaUI' of illumination inrhldP:il t he " Kill of
the d isk. Then, the 1a.';PJ" light on n·n,...t i" " . " fJ.-r from phase modu lat ions
I'r" I" ,rl i" " a l to the depth variauous I\(:ro.s t he illuminated II n '<l lUul J>T< ..hll_
1\ spl'Cific d iffrac t io n pIlIU'r11 1.III.t cxmsist!l of a central specular spot an d two
lill"ar wilJ ~s cxt endiug towiml oppooi !~ d iroc t.ions from t.lw nonlrw spot us
~ how lJ ill Fig. 15, T he an gl,,/) uf the linear willg~ from the illuminnt ionplunt­
i~ equal to the angle hPl.w('{'II t.h" t>11 1""llt~ " f t h" mean curve and the gml)v('
Itt th " illuminated spot, T1wr"fon " by ~l' tti n g n l - D P SD 1,,:rp'>lIdk llhu' to
t ho " lnlle of illu mi na t io n ><t >< moderate dls tanco from th" "",~ular ~pot , the
varia tiun of IJ i~ deterted "" a roorrli' II,te itt whil'h the linl'ar "'"inK Intersec ts

•· ig , 14 , Pri nd l'l~ of sou nd "'I,rotlu{(ioll from i. d i&k . T b" ",,,a n cu,,'" ,of .. gr" "'..
;l Il~"rl y It d rd .. (broken ~ ......e) n 'nr~,,!rir " "it h the disk. If the i ll u",i"al.in~ SI'O! i~

lar~e enough to «"", (h.. groo,", h"t ,,,,( (00 I ~,gt' to illum;nat" ~dj ~cell t ~, oo"""

t .h~ d irt'<'!ion IJ of the ~roo\"e at ti,e i l1u"';fl ~( ed ')lo( i~ convert "" to (he r li rr~'ti()n of
I,h,' I ;ll~"r l' '''t nf tlr ~ diffract ion pattQrIl if! (hI' a<:tu,,1 ~y~t~1I 1, a n,,ro ll _I ill" lIIi ,, ~ t.ion

(0;. = 0) "';0; " " '1'10)""11
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.........-.- nil . 15. ()llfr itCl ion """u .... .. fro... the
"""nd l:~ of .. d iolt , The non..~ Ofl«­
ul"r "pol lOIId on.. of t .... lin..., ..in,," ......"'-.

the I-D 1'5 D. II('I"(', it is noted Ihat lh,· I'SO detects tallO , "..hkh is the fi rst
<I('rivali,"" of the sound si!!;Jlal , In the syM('1ll 8('tual ly conslr"cl~ , Yo'\' used a
2-D PSI) ins traoi or lh (' 1-D PS I) in order to have the suffi cient li~ht inu·nsity
a",l to reduce the s p,~,k l" noise as shown ill Fig. 17.

3 .3 Trad dng

In Ih.. ea", of d isks, it is much more di flkult 10 tra,·k th.. ",,,,,,01 KJ1.><""(' with
th.. Ja.>;('T spot t hAn in 1101' ra..... of ,"'1lX cy lind.,IS. T his diffiUllly romes from
, h.. property that , due to sound signll l~ , 110.. >Iound groon" winds, in the sam e
plane in ",·h idl th.· l r<'("king direct ion lif'S. T herefore, ' '-1' needed ic de....lop III

d ilf' 'T1'Tlt principko for tracking t h.. d ,sk..
Th" trat·kinl: principle "'"e Mllploy("d is "" foil,,,,,,.. . If the illuminated spot

i§ jusl on I he C't'1l1er ul t h .. gtOO'l",(, as shot..n in Fig. 16h , I h.. Iw", Iim-ar ,d Ug»
of t he dlffrAl'l ion I",U..,- n ha n ' al most the !lam" iO«'Jlsity. Wtwo tht' gtom...
devtares s1i,l!,htly toward one sid" from tI,.. (':PIli '" of t ite illuminated spot ,

hOYl"" "("- , Ih.. inl..n. ity in t he winl: OIl t hat side inlTI'&WS com l ...,..~l ""il h ti lt'
winl': 00 t he oppa;1t .. ~id{" (Figs. 161< 't.nd c) . T his is becrtUSf' t ho:' inIMlsil}'
in lilt' r iltht ,,·ill"; a ei...:'. ma inly from the Id t slol'" or I h.. j';fOlJ\lt" anti til<'
deviation or t h.. j';lIMJVl' Ul th .. riflht makes tho illumi nat ion of I hr. !"fl sloj'"
'Iro" f\~ r than that of d '" righ t slope, alld vi"" \'('r,a.

T his cba ny,H in itlh'lIsit.y bal an ce betwe en the two wings can I" , [1,,'<1 [or

ecmpcnsunug t racking errors. Two pholo<lio<I "" are plated OIl bmh sides of
II" , ,~'mral s jlOl ll.S ~hown in rig, 16<1 , and dr lff l the intl'llsi li ,,,, "f bOlh WIII"S.
The di!fl'rMl<V of 11,,' " utplli s from t he two r Ds is approximately Prol"}fl i""al
to the amOU1l1 of dt-viation of t he groove, lIuot is employed to drive the disk

.?t:J---
...,..,.~
-'\
~ .-- \-

l'JIIJocb '-
"' ., ,,' lei} ..

~' ig. 16 . I'r ;m';I,I.. or d..' t ilO g Ira/ 'king ..er"", , A. th" groo,.., Ca) d,·\"i. l"" 10 lit"
ril':hc (b) rnt'Cts the SI" 't mer , and (c ) ,I<·,'i.,... to tile l..r.. , the int(ens;ty l>it.Iall""
in the twO winlts of the diH'raction pat.l ..tl' d,al1W " "" shown. (tl) The Intensity
ImlalJc" is n("t ..("( ...1 loy two p hododiodc. 1'0 , " lUi PD.
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F iR. 1T. llluwillal ioh ovt in of Ih~
' '''J''"Odon inn 8J"tl'ID for dub. Tb~

I.....r 1",.am « ,ming fr..", 01,,. right
1''''''''' ' .h,ouSh t h.. I.."n, in .u.,,<'d
do"..n......d b.v t h~ ", ir " I"'''''''''
through th~ hol~ I"" ..., " t be two
phorodiod"" amI ill"", i";,t",, the
di, k

Jall'Tal1 ~' to m mpl'llAAle for the d,'v i"li"" of the groove Irom t he ilhnnina ted
spot. In an oclnal system, the di fff'Tl'ntil\ l ..lfflr i" sigJll\l ...us proc.'tI"'-od wilh
1\ lo"..-pa..... fill .., 10 gil'l' an a ppropriate response rai l' M O l.<> t ... hll~· l h.' .'1£".-1
of noLw h•.furl' being ff'll into Ih(' drivi ng drm it of the translation slage on
",'hich a turntAh'.. is mounted. "'dt h rh.. d is k.

3. 4 R e pr oductio n System

On t h.. basis of Ihe principle gi,-en 11......'t' , lOll l'l:'I ual system ""alI ronstmrted
as shown ill Fig . 17. The Sy5tl'IIl n msists of t h..... parts : t hf" opti~..u ' }'Sl ..m,
sound d..tPCtioli sysU'lll, a nd drivin p; 1I 11d. t rackinR syslPm.

In t he optical system, a Canssian hMUn frolll all H....X.. la~r ii' 0.633 ",m
implllgp!< 011 a d isk !1-'(:ord. at a d. ista n('(· : from i t.~ beam wais t a ft..r l'""",inR
th rough a l..n ~ ~y~I"'lIl forming a , ui tllhlt, u"Ul!l-waiSt width . T he illuminated
'pot size at t he disk surface can h.. lI<ljll ~wd by dlilJll\illl'; the dis tance z ,
which Is cOlltwlh'oI by "IlI) 'illl\ the pcsitiun of th,' last lens of t he le ll ~ ~y ~t "lll ,

The Illuminating beam is s et normalto th " tUsk su rface Ly a mirror (oi> == 0 in
Fig. 14). III th.. WUIltJ detecting sys,,'rn, a n output ~ igTlal fmm t h.. 2-D I'SD
i ' fed in to t he Tf'«lUS uucl ion circuit and cOllv,'rt t'tl into an olectrj c signal t.o
produce a sound sign al. This convcnmg p'ON'llS and th....lect ronic circuit a re
the same Illl lh",..· """'d in the laser bcuru n'f1. 't"tion metho.-l. In t ho tlr iviulI: a nd
tracking systPTll . ou tputs from th.. t..'O I'hou"liod...,. arc fed into th.. driving
circuit of Ih.. Iranslat ion stage throu gh a d ifl"Ml'nt iai am plili"r, white t ilt,
disk is roIated. At A NltUtAnt ,a f.. of 78 rVITI by a t um t<l.h1o:> rnount <od on the
u"n~/lliO(l ~tage,

4 ."i"f>gat ivc C ylinder:
Mod ifi ca tion of t he Laser Ik mll Reflection M ethod

4,1 Nl'ga ti"" C)' li,,,l .. r

Hi""",tly, we discowrud that many phollnl(lAl'h ry linders ..r~ p re~clvl..t in
Cormany in 1,11l' form or metallic IIcl!:ut ivc cylinders on which Ihe fnlk w llsi, ' of
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Fig . l~. (kft) S '1!:u i....
cyli n....... ( 8 ' 9111) r""it!.. SIII­
r...", ur th.. " "l:/lti "" c)'lin­
d,,, .how;liS tIL<' h~i ~ht "a ri·
ation of Hot, suulld hil "M
wloir'h i. a rep lica of t lo ..
"" und gr<><wc of t he oti~i lla l

wax cylind...

,miOUa COIuu r it'ti in the ", Id are rPOJrd., 1. T h.. nt-gath-e cylinder '...as made
by plat ing a ..<lx q hndt'T ith copper and thl'" b)- mel t in&<I....-n the original
WIlX c)'l inwT. In t h is~, thc sound is t ransferred into ton'''x portioII' ()ft

the i ll ~id,. surf""",_eon....>qu"mly, any 5'yl u~ n...t hod is indfl'Cti,"t! and t hese
nl'jtati \'t'" have brei, M t fur a loug tunc withou t any im"t"Sti~i"n of the
,""Iullhl.. ",m ud,; rccord,'<f .m them. It ..-...~ expected, however, t 11M. the 11I-....r
he<t ln n 'Rl'<':t.io n "'"thod .j,'wloped for wax cylinders cou l.1 Itl.. , I.....ff' 'l'ti '"l'
for t ll" Ul'!l:ath~"S , To aprl~' !.l ,p """hod to the 1ll'~at iw"S , som.. modi fi cat ion"
wcr.. 11 ,"01" 1I]j(1 it nt'''' system ",aH construc t ..d [4,7] ,

T lw unganvo cylind ..rs "'P "Jll l' loyt'd for the development of th.. iUStr Ulll"llt
",~'m to I... prcduec d frum typical wlI.' cylilHl..rs aud have nearly the same
dim"nsions of 506. ,j..J nod 110 " Uli in t he out er a nd in ner di lU,,,>t..r~ andlength .
Tl'S1....-til·vly (Fig. 18 (]"ft)). Tit!' I)'pical rot llt iun rates "Wf' 144 and l60 rp m,
and It !IOI,"d 1 1I.~ling 2 -3 min 1111<1 the sound ~ignal ...-crt' ..ncoo<J<:'d on the in.~id('

surface, not AS a groose b'll as a . piral bdnJ; with a pi!('h of 1/ IIll iocb ( F~. 18
(Tight».

4 .2 P r incip le and R C'p r orl uc t io n Sy" t..",

T il" prhu'iple of sound rcprcdncuou Irom negative cylinders i. l"", iraJly the
",,,,,,' "'0that from wax cylindrrs . 'Vit.h n ' f" ....nee W Fig, 19, a 1a.>f'1' be~ JIl is
incident Oil t ho "ent\'f uf tho ""' lIld bank II lld tlw ""\lnd signal rptorded il,'

height, wrri.nious of th,.. s ound bank arc converted in to a lu>'<i tion x of the

F ill;. 19 , Prioci l~e 01 1 14<;('1" ""am
r..fl«cion lI"'l.bod . A tylind...
rot.. ...., the ...Ilcortion d i•..nion ' 'ali...
i ll 11,.. ",-d"..-h .m due 10 t he height
..... "'I io" of lit.. "" und l...nk (sound
t rack). T he devi ~ ti"n " f l it.. ill" mi·
n~I...1 spot froln tit" ,,,,tit,'. o f tit ..
"",we! hank gin'!! tit ... "a,i.t ioll iH1.1",
y· ,lin<:tion
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"" .. ,

P P~D ..
- '~ ~ ~< ff· _ · •

",

Fig.20. Schematic dia­
gram of t"~ <Jl ,l.ica l h,,,<d,
T be len, I." m itto," M,
a" d M" HI,,1 bcam "pUt_
ter lnl are com mon to
the iHuIlll11at.i,," ""d d,,­
t ccti<Jn opl ics

Flg. 21. Phol<Jgraph nf
the ollt ir al ltN'] wit h tb~

cover roruowcl for &,pl"y,
Tbe mirror M, is no t
, hown ;n t h i" l'hot.ogr~ph.

P indicate, t he po, it;" " of
the pi11 10 01e whicb i, u n­
",o,,,'I.,,d in th i, ima.o:c

refl ected bmm impingillil on tbe PSD. On the other hand, if t.he illuminated
spot dl'viat es from the center of the hank. the rdle<,.tl'd I",am vmil'" in the
y -di rl' ~tioll . which prod uces a signal for t he tracking error and can be use d
to mtnl'~Hsat " for till' dl'v iat.ioH of t he illuminated spot by adjusting the
trallHlat.ion sp""d of the cylinder. T hese I,wo signals in the x_ and y_dirl'rt ion,
can bl' detected Independently by setti llg a 2-0 P5D,

In the case of t he llegat'; ve q li",ler, a compact optical system that can be
i n Sl'r t ~d into the cylinder is reqn ired. A schematic diagram an d a photo~raph

of i\ reconstructed ol' t ieal head an' shown ill Fig, . 20 and 21, reHpeet.ivdy,
A la"cr bcam from all LO with a wavelength of G70 llJlJ is guided by mirrms
",I" "'.J;" III, alUl \1 ) , ann a heam splitter HlI-I, to a lena Ll , whidl focuses
t he beam onto till' ill,ide surface of the cylinder. T he heam rdll~t"d from th"
cylindm surface goes back through the same part of the system up to H:>·l,
and t hen is led by t he lens L~ to t. hl' P SI) , A pillhole I' 18 placed ln the focal
plane of L2 , Mid its ro ll' is the sa me as in the system "hOWl! ill Fig, 10,

A sdll'mati c diagram of t he developed system is shown in Fig , 22, Th~
system eOIl~i~tH of th e dri"" m,,! coutrolunits , the optical head being 1lI01lnt.ed
on the former . The signal converter processes t l", "mpH!. of the PSD and
yields t he sound and tracking error signals, V~ and Vy , V. is sent to t he pHlse
mot or d ri \ ·w via thl' lOW_paM fil ter and the \' - F tom·crler. The rotat ion ra te
is adjusl.a bl" ill the range of 140 · ](jOrpm. A photograph of t lw d rive uni t is
shOWl! in Fig. 23.

Using this syste m. w~ successfully wprodncHd t.he sounds from some Iwga­
t in'S , lucludmg pcrformuncos of Japanese musical ins truments , Hham iun and
kot", whid, wpre recorded in Berlin in H!Ol. T h!' reproduced sounds hAve a
llluch better quality t han rxistill !'; was c yl indl'r~ . This is partly because wax
cylinders currently available hl1\'t' been played man)' t,illles and are con~idl'r_

ably worn 0,,1. wllill' thl' nl'gat iW8 preserve the init ial qllality of their original
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~­-

--,

................. ....., ,
Control unn

~' i" , 2 2, Diagram of t he 01'(;"'01 I' l a~'~r fur ll~ga, iws The DC "",tnt :'·1 , rutaH,"
t l", holde, whll" the pu l", mol,nr ~'I, dr iv, .,. ti Le ",<Iage , T he outp" t of the r sn I.
pmc","",l t·" yld <l the 'nu,,,1 aud tp" 'kl1Lg "rror "Ignals, F. and F, . F. i, "" 'l'llfi",1
and drivN the speaker , wbile V, is .. ·1It to t IL" 1'"l s" m" Wr dri v"r vi.. thr h,w-l""'"
A lt~ an d t he V-r COll verter (a ul o-trarJr.iuK b,o,h' ). Th" puIS(, " ",t nT "a n ,,1 ' 0 1..,
"" " t,on",1 hy t he sigll ,,1 frm" Ihr I'h" t,_ " ",,, (co llst ant t ranslation mode )

F ig , 2 3 . on,,. unil ..f 1M

opli<'al n~..I; "" I~"Y"' TM
opt;';a! h"...t ;" ;n><"fl ",1 into
the~at.i>,:, bftd ......100 1M
q'lind'T boldoT ..h"'h ;"
mOllD.tM 0tI Ihfo u _ "at ioll
stage (",.~~)

" ...~ q 'li"df'f'S . Th.. 1' ........" 1 ill"' rum.."t ia ..~ p<-"tkd 10 be used to Il-'\'('a! ' WII­
ll.hh· sound informa tion that has been 1r-(t undetected for " lonK tim.,.

::; C u nclusio n

Sl'\" 'ral optl(""-I Ill..tho,l~ haw' been ,,1t.'v,..IOVt.,J for rcproduong sO\l ll(l ~ Imtn
old recording mNl ia of various t YJ>~' T lw 'lu,l.Ilty of t h" r" I'HKI",....1 "\>Ilnd~

\'iI1'ir'~ depending O!l t.1ll' type of record. For WaJ\ cylinde rs, the ' lllll!it.y is

- 80-



Optical Methods for Reproducing Sou"ds 425

sat isfactory unless the original sOlJlld quality itself is poor, while it is very
good for negative cylinders. On the other hand , disks do not always give
satisfactory sound quality d u" to the difliculty of track ing and need further
imp rovement , A further redu cti on of noise is another p rob lem ill all the cases.
In spite of some remaining probl"llIs, these noncontact and nondestructive
methods arc povmrful tools for playing damaged rCl'AJrds, for which traditional
phonographs aTH inadequate , Thcy may Wl'll be used to reproduce valuable
historical sounds.
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