Loss in QMG Pro cessed Y-123 Sup erconductor due to Ac Curren t Hir oshi Ma tsuoka 1 , Masa yuki Iza w a 1 , Ter uo Ma tsushit a 1 ; 2 , Kazuhir o Kajika w a 3 , Masa t aka Iw akuma 3 , and Kazuo Funaki 3 1 Departmen t of Computer Science and Electronics, Kyush u Institute of T ec hnology , 680{4 Kaw azu, Iizuk a 820, Japan 2 Graduate Sc ho ol of Information Science and Electrical Engineering (ISEE), Kyushu Univ ersit y , 6{10{1 Hakozaki, Higashi-ku, F ukuok a 812{81, Japan 3 Researc h Institute of Sup erconductivity , Kyush u Universit y , 6{10{1 Hakozaki, Higashi-ku, F ukuok a 812{81, Japan ABSTRA CT Ac transp ort current loss is measured for a QMG (Quenc h and Melt Gro wth) pro cessed Y-123 bulk sup erconductor up to 300 A at 77.3 K. F or this purp ose a simple curren t transformer is used. The frequency of ac curren t is 400 and 550 Hz. The h ysteresis loss extrap olated to zero Hz is compared with the prediction of the Irie-Y amafuji mo del where the critical curren t density is estimated from the hysteresis of dc magnetization. The obtained hysteresis loss is sligh tly smaller than the theoretical prediction. This is considered to b e caused by the reduction in the critical curren t density due to the ux creep in the dc magnetization measuremen t. KEYW ORDS: Melt pro cessed Y-123, ac loss, Irie-Y amafuji mo del, ux creep INTR ODUCTION Y-123 sup erconductor can carry curren ts of high densit y up to high magnetic �elds ev en at 77.3 K b ecause of the strong pinning, if it is not in uenced by w eak links due to grain b oundaries. This is one of the outstanding features of this sup erconductor in comparison with Bi-based sup ercon- ductors whic h are signi�can tly a�ected b y the ux creep. Hence, QMG pro cessed Y-123 sup ercon- ductors whic h do not con tain grain b oundaries are promising material and the application of this material to v arious �elds is exp ected. One of them is the application to current leads for ac use. The imp ortan t characteristic for this application is the ac loss. The ac transp ort curren t loss w as measured for current leads made of bulk Bi-based sup erconductors [1, 2]. Thus, it is necessary to estimate the loss energy density when ac transp ort current is applied to the QMG pro cessed Y-123 sup erconductor. In this study , a current transformer is made to apply the ac curren t up to 300 A in p eak v alue to the sup erconductor b ecause of high critical curren t. The ac transp ort loss in a bulk QMG sp ecimen is measured at 77.3 K using the transformer. The observ ed loss energy densit y is compared with the prediction of the Irie-Y amafuji mo del with the critical curren t densit y estimated from dc magnetization measuremen t.

EXPERIMENTS The sp ecimen was a QMG pro cessed Y-123 bulk sup erconductor prepared b y Drs. K. Kimura and M. Morita of Nipp on Steel Corp. and the cross-section w as 3 : 0 � 2 : 0 mm 2 and the length w as 30 mm. The direction of the length w as parallel to the a - b plane. The critical temp erature, T c , estimated from a dc magnetic susceptibility measuremen t w as 90.6 K. A dc magnetization w as measured at 77.3 K in a magnetic �eld parallel to the c -axis using a SQUID magnetometer. The critical current density , J c , estimated from the hysteresis of dc magnetization at zero external �eld w as 2 : 6 � 10 8 A/m 2 . The ac transp ort curren t w as applied to the sp ecimen using a curren t transformer. A copp er wire of 0.5 mm in diameter w as used for a primary winding of the transformer and the n um ber of turn w as 200. A copp er wire of 0.8 mm in diameter w as used for a secondary winding and 24 wires w ere connected in parallel to reduce the resistance of the secondary winding. The num b er of turn is 2. Th us, the secondary curren t is exp ected to b e enhanced 100 times as high as the primary curren t in the case of ideal coupling. An iron core of the cross-section of 20 � 20 mm 2 w as used to impro v e the coupling b et w een the primary and secondary windings. The sp ecimen was connected to the secondary winding b y soldering. The resistance at 77 K and the inductance of the primary winding w ere 10.5 and 4 : 34 � 10 � 2 H, resp ectively and those v alues of the secondary winding w ere 2 : 71 � 10 � 3 and 4 : 12 � 10 � 6 H, resp ectively . The m utual inductance was 4 : 17 � 10 � 4 H and the coupling co e�cien t w as 0.986. Since the resistance in the secondary winding is relatively large, the coupling is bad at lo w frequencies. F or example, the frequency at which the reactance due to the inductance is equal to the resistance is ab out 100 Hz. In fact, the wa v e form of the secondary curren t w as deformed at such a lo w frequency . Th us, the measuremen t w as done at frequencies higher than 400 Hz. It is necessary to reduce the resistance in the secondary winding to apply the Fig. 1. Electric circuit for measuremen t of ac loss. Fig. 2. Magnetic �eld dep endence of critical curren t densit y estimated from dc mag- netization at 77.3 K. Solid line shows the theoretical result of Irie-Y amafuji mo del.

curren t of lo w frequencies. The use of silv er-sheathed Bi-based sup erconducting tap es seems to b e promising for the purp ose. The ac transp ort current was applied to the sp ecimen using an ac p o w er ampli�er through this curren t transformer. The frequency of the ac curren t w as 400 and 550 Hz. The circuit for the measuremen t is sho wn in Fig. 1. The induced v oltage was measured using p oten tial leads separated b y 6 mm. The ac loss w as estimated from the in-phase comp onen t of the measured voltage. Three toroidal coils around the secondary wires were used to detect the secondary curren t and to comp ensate the out-phase signal. The exp erimen t w as carried out in liquid nitrogen. RESUL TS AND DISCUSSION The result of the magnetic �eld dep endence of the critical curren t densit y , J c , obtained from the dc magnetization h ysteresis is shown in Fig. 2. Here the Irie-Y amafuji mo del [3] is assumed to express the magnetic �eld dep endence of J c . According to this mo del, J c is expressed as J c ( B ) = �B � 1 , where � and are the pinning parameters. These parameters are determined so as to get a go o d agreement b etw een ab o v e equation and exp erimen tal results. The obtained parameters are � = 4 : 5 � 10 7 , = 0 : 5. The ac loss energy density is estimated from W = I V = 2 f S , where I is the ac p eak curren t, V is the in-phase comp onen t of the p eak v oltage across the p otential leads, f is the frequency and S is the cross-sectional area of the sp ecimen. The obtained results are sho wn in Fig. 3. The ac loss energy densit y at 550 Hz is larger than that at 400 Hz. This seems to b e caused b y the additional viscous loss energy density due to the ux motion. Then, the hysteresis loss energy densit y is estimated by extrap olating the data linearly to f = 0. The obtained h ysteresis loss energy densit y is sho wn in Fig. 4 and compared with the theoretical prediction of the Irie-Y amafuji mo del with J c in Fig. 2. It is seen that the exp erimental results are smaller than the theoretical prediction. This seems to b e ascrib ed to the e�ect of the ux creep. That is, it is sp eculated that the e�ectiv e Fig. 3. Ac loss energy densit y vs p eak ac cur- rent at 77.3 K. Fig. 4. Comparison of measured h ysteresis loss energy densit y and theoretical prediction of the Irie-Y amafuji mo del.

J c v alue is reduced due to the ux creep at the dc magnetization measuremen t, resulting in the larger ac loss. The depth of p enetration of ac ux is of the order of B m =� 0 J c , where B m is the amplitude of the ac self �eld. Thus, the induced electric �eld at the surface is roughly estimated as 2 � f B 2 m =� 0 J c . This amoun ts to E = 3 : 55 � 10 � 2 V/m at I = 200 A and f = 400 Hz. On the other hand, at the dc magnetization measuremen t, the induced electric �eld is estimated as _ B d= 2, where _ B is the sw eep rate of the external magnetic �eld and conductor. This amounts to E = 1 : 61 � 10 � 7 V/m. Hence, the tw o v alues of the electric �eld is approximately di�eren t b y a factor of 2 � 10 5 . Here it is assumed that the current-v oltage c haracteristic is expressed as E / J n in this region with the n -v alue. If n is 20, the critical curren t density measured b y the dc magnetization is reduced b y a factor of 1.85 b ecause of the measurement at the lo w electric �eld region. This means that the ac loss is enhanced b y the same factor. Th us, suc h a deviation in Fig. 4 seems to b e p ossible. F rom this argument the agreement b et w een the observ ed ac loss and the theoretical estimation is rather satisfactory . SUMMAR Y The ac transp ort curren t loss in a QMG pro cessed Y-123 sample w as measured at 77.3 K at 400 and 550 Hz. The h ysteresis loss estimated from the observ ed results is compared with the Irie- Y amafuji mo del with the v alue of the critical curren t densit y obtained from the dc magnetization. It is found that the theoretical prediction is sligh tly larger than the exp erimental results. This seems to b e ascrib ed to the reduction in J c due to the ux creep during the dc magnetization measuremen t. AKNO WLEDGEMENTS The authors would like to ac kno wledge Drs. K. Kim ura and M. Morita of Nipp on Steel Corp. for preparation of the sp ecimen. REFERENCES 1 Iw akuma M, Ka w anami S, W akuda T, Shikimachi K, Konomi H, F unaki K, T ak eo M, Y amafuji K, T anak a Y, Mimura M, Ueda K, Hiue H (1994) Cryogenics Engineering (in Japanese) 29: 140 2 Fisher BL, Lanagan MT, Balac handran U (1997) IEEE T rans on Appl Sup erconductivit y 7: 711 3 Irie F, Y amafuji K (1967) J Ph ys So c Jpn 23: 255